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Aim and outline of this thesis

The aim of this thesis is to study cell-cell interactions and the
development of an assay to explore and quantify the exchange of
membrane compounds. In the first part the rate of lipid exchange was
studied, during both natural cell-cell contacts and prolonged enforced
contacts. In the second part lipidated coiled-coil peptides were used to
study the behaviour and potential fusogenic behaviour of these

compounds on cell-wall-deficient bacteria.

Chapter 2 provides a comprehensive overview of membrane
component exchange in cells, as well as chemical approaches to
enhance cell-cell contacts. Examples of mechanisms of intercellular
transfer, biological effects of intercellular membrane component
transfer and chemical strategies to enhance cell-cell contacts are

described, and their strengths and limitations discussed.



Chapter 1

Chapter 3 explores a method to quantify the amount of exchange of
cholesterol and sialic acid containing compounds between cells using
flow cytometry in combination with bioorthogonal and fluorescent
labelling techniques. This chapter demonstrates that direct cell-cell
contact is the likely mechanism of sterol exchange. Furthermore, it
shows that by manipulating the contact time between cells using
complementary coiled-coil peptides results in an enhanced exchange

rate of membrane components between cells.

Chapter 4 provides future implications for and directions towards
quantification and identification of membrane lipid exchange between
immune cells. This chapter presents an adaptable strategy based on
trogocytosis assays in which fluorescent and clickable lipids were used
to determine the membrane component exchange between antigen-
presenting cells and T cells in co-culture. A range of sterols and
aliphatic acids were screened and their effect on trogocytosis was

determined.

Chapter 5 presents evidence — for the first time - of surface
modification of living L-form cells (cell-wall-deficient bacteria) as a
first step towards L-form fusion, using cell-compatible coiled-coil
peptides. These L-form variants were generated from actinomycetes,
by inhibiting crucial steps in the biosynthesis pathway of the cell wall.
L-form morphology is adaptable and allows cells to surpass
environmental difficulties; for example, hyperosmotic stress
conditions or treatment with antibiotics. Also, in this chapter L-form
surface modification and viability as well as potential membrane
fusion is presented using confocal microscopy and flow cytometry

assays.



Aim and outline of this thesis

Chapter 6 describes the synthesis of a fluorescent alkyl phospholipid
ether analogue as well as preliminary results of the in vitro and in vivo
imaging testing in a zebrafish cancer model. Alkyl phospholipid ether
analogues were developed for diagnostic methods due to their

accumulation in cancer cells.






Chemical approaches to enhance cell-cell contact

2.1 Introduction to membrane component exchange in cells

Multicellular organisms form cell-cell interactions via direct
interactions between cell membranes and play a vital role in cellular
activity and development. Cells communicate with each other through
these interactions and orchestrate the events that coordinate
multicellular assembly.: Examples of cell-cell exchange include
transfer via direct cell-cell contact,” exosome uptake+ and membrane

nanotubular formation.»

One particular method of cell-to-cell communication is the physical
transfer of cell-surface components between adjacent cells, which
plays a critical part in cellular communication responses. This was first
described in the 1970s, when Bona et al. observed the transfer of
lipopolysaccharide to lymphocytes from macrophages: Recent

examples have shown it to a be far more widespread phenomenon
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Chapter 2

than initially believed. In the immune system many cell-surface
molecules are capable of being transferred between leukocyte subsets
(Figure 1). For example, the trogocytosis: (from the ancient Greek word
trogo, meaning ‘gnaw’) of co-stimulatory molecules of the antigen-
presenting cell (APC) surface represents a key mechanism by which
regulatory T cells attenuate APC function.» The trogocytosis process
describes the plasma-membrane components transfer from one cell to
the other. Furthermore, the same phenomenon between B-cells and
lymph node-resident dendritic cells plays an important, yet poorly
understood, role in the activation of humoural responses.:
Membrane-component exchange is not exclusive to the immune
system, with the exchange of membrane components also observed

between endothelial cells and tumour cells as a further example.==

It has been shown that lipid components play an important role in cell-
cell communications.=« For example, lipid interactions were shown to
be necessary for the intercellular communication between
mesothelioma cells for exchanging cellular information and
maintaining tumour organisation.»» However, the exact role of
(specific) lipids in the above-described trogocytosis events is relatively
unknown.» In this chapter, membrane-exchange mechanisms will be
discussed, as well as the chemical tools that have been developed to

better study these processes.

10



Chemical approaches to enhance cell-cell contact

Figure 1 Scanning electron microscopy (SEM) image shows a natural killer cell (red)
grasping a target cell (blue). [Image reproduced from reference: D. M. Davis, Nat.
Rev. Immunol., 2009, 9, 543-555]

2.2 Mechanisms of intercellular transfer

The molecular mechanisms that control the transfer of membrane
components remain unclear. At the cellular level, several mechanisms
are thought to be responsible for facilitating the transfer of compounds
between cells, such as a transfer via direct cell-cell contact, exosome

exchange and nanotube formation (Figure 2).

11



Chapter 2

i) Trogocytosis ii) Exosomes

)‘Z'
iii)) Nanotubes
—
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Figure 2 Intercellular exchange of membrane components via trogocytosis transfer,
exosomes and nanotubes. (i) Direct contact between cells allows the intercellular
exchange of cell-surface-bound compounds. Different colours show membrane
receptors that upon contact are “stealing” membrane pieces. (ii) Secreted exosomes
carrying lipids, proteins and their signals can be transferred from one cell to another
[where MVBs refers to multi-vesicular bodies]. (iii) Long membrane nanotubes
extended between bordering cells support contact-dependent membrane component
transfer from one cell to another. [Image reproduced from reference: O. Rechavi,
I. Goldstein and Y. Kloog, FEBS Lett., 2009, 583, 1792-1799]

Most forms of membrane component transfer appear to require cell-
to-cell contact, suggested by the evidence that most transfer events are
suppressed when cells are physically separated with a semi-permeable
trans-well set-up.>» This shows that direct contact facilitates the rapid
transfer of cell-surface components (Figure 3).» For example, the
formation of an integrin-mediated high-affinity synapse between
cytotoxic T lymphocytes (CTLs) and a target cell is stabilised by the
cytoskeleton.»» Due to direct contact formation, membrane protein

transfer between CTL and target was reported.~

12



Chemical approaches to enhance cell-cell contact

In the immune system, this process was shown using live cell imaging.
Wetzel et al. demonstrated that T cells, while immediately detaching
from APCs, commonly acquire major histocompatibility complex
(MHC) peptide complexes straight from the APC-side of the
immunological synapse (IS).» B cells too can acquire proteins from
T cells following synapse formation,» and even some tumour cell lines
can take up patches of autologous membranes through synapse-like
structures.» The transfer is rapid, with exchange occurring within
minutes of synapse formation, and the transferred molecules, such
as lipids and proteins, commonly appear at the cell surface and are

fully functional.

A different type of synapse, the ‘stromal synapse’, has also been
reported in the immune system. It has an opposite function, namely to
dampen the immune response in tissue. It was observed between
interstitial /stromal cells and was shown to establish close contacts.
The exact role and importance of this immune dampening synapse are
as yet unknown. What is known is that it can be triggered by
costimulatory molecules and/or be dependent on the activation state

of the donor and the acceptor (recipient) cells.s==

Aside from the above-described trogocytic mechanisms, cells can also
communicate through gap junctions (GJs). This mechanism — which is
the formation of intercellular connections — allows not just the
exchange of membrane components but also of cytosolic materials.=~
It plays a vital role in tissue maintenance and homeostasis. In the
immune system, for example, it is one of the proposed mechanisms by
which APCs acquire exogenous antigen.» However, it can be

detrimental too, with this same gap junction-transfer between

13



Chapter 2

melanoma and endothelial cells resulting in the killing of healthy

neighbouring cells by autologous cytotoxic T lymphocytes.:
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Figure 3 Intercellular transfer of cell compounds. (i) A donor cell is expressing active
compounds. (ii) The donor and the acceptor cell form a contact. (iii) During contact
formation, the active membrane component is transferred to the plasma membrane of
the acceptor cell from the plasma membrane of the donor cell. [Image reproduced from
reference: O. Rechavi, I. Goldstein and Y. Kloog, FEBS Lett., 2009, 583, 1792-1799]
A third cell-contact dependent method of membrane transfer between
immune cells is through transient membrane nanotubular networks.
Nanotubes are long, membranous tethers formed between cells either
at the termination of the IS as the cells dissociate, or through an
extension of membrane from one cell fusing to another, although it is
likely that these two processes are not mutually exclusive events. The
formation of nanotubes has been detected in a wide variety of cells
(Figure 4).7+» Rustom et al. have reported that membrane compounds
can transfer directly between cells linked by tunnelling nanotubes.= In
recent literature, these processes are mostly described interchangeably
using the terms ‘tunnelling nanotubes’ (TNTs) and ‘membrane
nanotubes’.»« Although the functional role for nanotubes is still under

debate, studies have shown that nanotubes between myeloid cells can
14



Chemical approaches to enhance cell-cell contact

mediate intercellular calcium alterations and thus cause phenotypic
changes.= They can also enable the exchange of cell-surface membrane
components as well as cytoplasmic content.»« Studies using time-lapse
imaging have shown membrane nanotube formation between B cells
(B721.221) and T cells (Jurkat) following prolonged cell-cell contact,

resulting in Ras-membrane protein transfer.
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Figure 4 Images are showing the formation of tunnelling nanotubes (TNT). The
membrane of RAW/LRS5 cells stained with the membrane dye FM1-43FX. The above
images show cell substrates, and the lower images show the cell substrates where
TNTs are formed. The arrows indicate the formed TNTs. Scale bars 10 um. [Image
reproduced from reference: K. McCoy-Simandle, S. |. Hanna and D. Cox, Int. J.
Biochem. Cell Biol., 2015, 71, 44-54]

Scanning electron microscopy (SEM) of cell-to-cell channelling
showed that phaeochromocytoma (PC12) cells could form cellular
TNTs¢ that provided a direct path for transporting signalling
molecules between cells without escape into the extracellular milieu.
The TNTs can be very long, even exceeding cellular dimensions, but

their diameter is narrow (20 to 200 nm).» There are no known
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Chapter 2

biochemical markers for labelling tunnelling nanotubes. They can,
however, be detected using high-resolution light and electron

Microscopy.

Nanotube formation requires that cells be in close contact for a
considerable length of time - if cells dissociate too quickly, nanotube
formation does not occur.« Live cell imaging has shown that TNTs are
ephemeral structures that last from minutes to hours.» For example,
when immature neurons and astrocytes are co-cultured, after five
hours, tunnelling nanotubes are formed, which disappeared after 24
hours.» This may reflect the amount of time required to create
intercellular contacts of strong avidity which can withstand the forces
required to draw out surface membranes as cells dissociate.x As a
result, this likely eliminates the involvement of nanotubes as a
mechanism for the fast transfer of membrane components between

cells.

The final type of exchange mechanism that will be discussed does not
rely on cell-cell contact. Instead, cells may use the secretion and uptake
of exosomes to exchange material. Exosomes are tiny membrane
vesicles with a diameter between 50-100 nm and are secreted by a
variety of different cells.» They are formed by inward budding of
endosomal membranes or multi-vesicular bodies (MVBs) within the
cell and are secreted when the MVB fuses with the outer cellular
membrane (Figure 5).» Exosome-mediated transfer is a relatively slow

process but can occur over substantial distances.
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Chemical approaches to enhance cell-cell contact

Figure 5 Exosomes purified from mononuclear phagocytes as depicted by a
transmission electron microscopy. Scale bar indicates 100 nm. [Image reproduced
from reference: K. McCoy-Simandle, S. J. Hanna and D. Cox, Int. J. Biochem. Cell
Biol., 2015, 71, 44-54]

Exosomes can transfer membranes and encapsulating molecules that
can be acquired and reprocessed by the cells that take them up.= For
example, MHC-II-deficient dendritic cells can acquire MHC class 1II
molecules from dendritic cell-derived exosomes, integrate these
molecules into their membranes and subsequently trigger the
proliferation of antigen-specific CD4 T cells in vitro.= Recently, it was
demonstrated that exosomes could be secreted by T cells upon

synapse formation with APCs resulting in miRNA transfer.»

In summary, it appears that tight junctions or intercellular nanotubes
formed between two cells play an essential role in the transfer of
membrane compounds, with the strength of the interaction often
determining the amount of membrane transferred.s= However, the
exact mechanism may vary with the nature of the cells and

intercellular exchange process involved.
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2.3 Biological effects of intercellular membrane component transfer
The exchange of membrane components can result in biological effects
either because the donor cells are stripped of molecules from their
membrane or because the acceptor cells get components which they
can use. In both ways, cells acquire or lose components which may
alter their cell-cell interactions.: For instance, the regulatory activity of
lymphocytes might be changed when, during cell-cell communication,
cellular components are exchanged. Moreover, the exchange of highly
energetic components such as lipids has been reported to affect cell
proliferation.s Kedl et al. have shown that dendritic cells acquire
antigenic-MHC complexes from T cells through a direct membrane-
exchange mechanism affecting the T-cell maturation. Moreover, the
antigen-complexes exchange between dendritic cells can also
reactivate memory T cells.» Finally, another consequence of cell-
membrane component exchange has been reported by Qureshi et al. is
the transfer of costimulatory molecules from T cells to dendritic cells

which regulates the T-cell response.«

The exchange of lipids can also play an essential role in the
development of diseases. For example, the cholesterol-glycolipids and
the cholesterol from Borrelia burgdorferi, the causative agent of Lyme
disease, are vital for bacterial life cycle and can control the interactions
between the eukaryotic host’s cells and the bacteria itself (Figure 6).
Benach et al. demonstrated that B.burgdorferi stripped off the
cholesterol and cholesterol-glycolipids from the membrane of
eukaryotic HeLa cells via a contact-dependent mechanism.« This was
also shown by Norris et al. for Treponema pallidum, the agent
responsible for syphilis. It may directly obtain specific membrane
components from host cells, such as lipids.c These are important

examples of lipid-exchange because neither of these bacteria can

18
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synthesise these fatty acids.=« In both examples, the two-way lipid
exchange between pathogens and host cells can occur either through
the release of exosomes or by direct contact between the bacteria and

eukaryotic cell.

Phase B. burgdorferi BODIPY-cholesterol Merge

2.0pm

3.0um

3.5um

0 min

Figure 6 Borrelia burgdorferi (red) was incubated with bodipy-cholesterol labelled
HelLa cells (green). Confocal microscopy showed the co-localization (yellow, arrows)
of bodipy-cholesterol (green) and Borrelia burgdorferi (red) at the point of attachment
after 1 h of incubation. Scale bars = 10 um. Confocal microscopy images taken at the
beginning of the experiment, 0 mins (bottom), showed no colocalization (yellow) of

19



Chapter 2

bodipy-cholesterol (green) between labelled HeLa cells and Borrelia burgdorferi (red).
The arrows point to the lack of co-localization. Scale bars = 20 um. [Image reproduced
from reference: ]. T. Crowley, A. M. Toledo, T. ]. LaRocca, J. L. Coleman, E. London
and J. L. Benach, PLoS Pathog., 2013, 9, ¢1003109]

2.4 Chemical strategies to enhance cell-cell contacts

Due to the importance of cell-cell interaction and exchange in the
eukaryotic life cycle, various methods to chemically control cell-to-cell
contacts have been developed. These are based on approaches such as
genetic engineering, chemical cell modification, metabolic engineering

and many others, and will be discussed below.

Genetic modification has been used to alter cell surfaces to affect
extracellular communication. For example, Mrksich et al. created a new
specificity for the binding of the «f integrin-receptor to the
extracellular matrix (Figure 7). They created a chimeric receptor
containing 31 integrin, an extracellular domain from fractalkine, and a
carbonic anhydrase IV (CAIV) domain at the end (the CAIV protein
binds explicitly to benzenesulfonamide (BzS) ligands in order for the
whole complex to bind in an extracellular matrix).=« As a result, cells
expressing the modified receptor could spread and attach selectively

to immobilised substrates.
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Figure 7 Schematic illustration of the native and chimeric integrin. (A) The native
abdp1 integrin (left) binds the Arg-Gly-Asp ligand. A chimeric receptor (right) was
created to keep the transmembrane and intracellular domain of the p1 integrin (blue)
and to contain extracellularly an enzymatic domain of carbonic anhydrase IV (CAIV)
(pink) which is targeted by a benzenesulfonamide. (B) a modified gold surface
presenting benzenesulfonamide. (C) A flow cytometry plot of cells expressing the
chimeric receptor (red dots). (D) Western blot analysis with an anti-CAIV antibody.
(E) Cells (stained with phalloidin-TexasRed) expressing the chimeric receptor attach
on a modified gold surface containing benzenesulfonamide. [Image reproduced from
reference: M. Kato and M. Mrksich, . Am. Chem. Soc., 2004, 126, 6504-5]

Chemical handles have also been introduced using a genetic
engineering approach. Ting et al, for example, produced cells
expressing the epidermal growth factor receptor (EGFR) fused to a
biotin ligase recognition sequence.s This peptide
(GLNDIFEAQKIEWHE) — upon addition of a biotin ligase — could be
site-specifically biotinylated, which in turn allowed a subsequent

cross-linking with ligation to streptavidin.
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Chapter 2

Covalent conjugation of functional groups on the cell surface has also
been used to alter cell-cell contacts. Sulfhydryl, amines, carboxyl and
carbonyl groups, and carbohydrate groups have all been used for
functionalisation. The chemical reactions on the cell surface should be
orthogonal and performed under moderate conditions. There are a
well-established and wide variety of protocols for the chemical
modification of amine groups under mild conditions and with readily
available linkers. For example, a popular reaction to modify primary
amines is the reaction with N-hydroxysuccinimide (NHS) ester, which
has been used extensively for surface modification with molecules
such as PEG~ and biotin».

The latter has been used extensively to manipulate cell-cell contacts.
The cells are biotinylated with an NHS-biotin conjugate before the
addition of streptavidin (Figure 8). The streptavidin serves as a
“bridge” to connect the cells with a biotinylated ligand, thereby
altering the behaviour of the cell. In this manner, cell surfaces have
been functionalised with antibodies recognising epithelial growth
factor receptor (EGFR)>», as well as P-selectin-binding aptamers. =
These surface-modified cells were then able to interact with EGFR-
expressing HEK293T and HeLa cells, = and selectin-expressing cells in
vitro+, and in vivo==. Streptavidin has also been used to cluster and layer

cells in specific orientations.
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Figure 8 Examples of surface modification using NK-streptavidin with Jurkat-biotin.
Confocal laser scanning microscopy (CLSM) images of non-assembled cells (A), and of (B)
assembled cells after surface modification and mixing Jurkat-biotin cells with NK-
streptavidin at a 1:1 ratio. (C) Flow cytometry scatters. NK cells were labelled with
DiO fluorescent dye, and Jurkat cells were labelled with DiD dye before and after
modification and assembly. (D) SEM images of Jurkat-biotin cells and a multicellular
cluster (mixed at a 1:1 ratio). [Image reproduced from reference: B. Wang, ]. Song,
H. Yuan, C. Nie, F. Lv, L. Liu and S. Wang, Adv. Mater., 2014, 26, 2371-2375]

Although these chemical approaches are encouraging, it is still
challenging to govern cell-cell interactions in time and space. To
overcome these concerns, there are opportunities for enhancement by
designing novel protein engineering, bioconjugation, material science

and chemistry approaches for cell-surface engineering.==
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One set of approaches relies on the fusion of liposomes with cells.== In
order to present functional groups on the cell surface, specific
liposomes containing new functional groups are incubated with cells,
leading to fusion of the liposomal membrane and the cell membrane.
This methodology was used, for example, to fuse biotinylated
liposomes with the membrane of mesenchymal stem cells (MSC) to
yield biotinylated MSCs.» Yousaf et al. used the approach to introduce
a selectively ligatable handle into the cell: liposomes consisting of
either O-dodecyloxyamine or dodecanone were fused with cell
membranes to yield membranes carrying oxyamine or ketone
functionalities, which could be ligated through oxime formation

(Figure 9).»=

Carbohydrates have also been used to modify the cell surface with
selectively ligatable functionalities in a liposome system. Chen et al.
used liposomes loaded with modified sugars, which are metabolically
incorporated into cell-surface glycans that would allow specific

modification of the surface glycans.s=
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Figure 9 Scanning electron micrographs and fluorescent images depicting the
formation via liposome fusion of 3D populations. (A) Fibroblast populations were
cultured separately either with ketone- (1) or oxyamine- (2) containing liposomes,
resulting in membrane fusion and creation of ketone- (3) and oxyamine- (5) tethered
fibroblasts. The nucleus of the oxyamine-tethered fibroblasts (5) was labelled with m-
cherry, whereas the ketone-tethered fibroblasts (3) were unlabelled. After mixing these
cell populations for 3 h, clusters and tissue-like forms occurred, due to oxime ligation.
(B) Control experiments show the absence of cluster creation for cells which did not
contain either oxyamine or ketone handles. (C and D) Images from co-cultured
ketone- (3) and oxyamine- (5) tethered fibroblasts showing the formation of
interconnected spheroid assemblies. (E-G) SEM images are displayed by control cells
(E) and spheroid assemblies (F and G). [Image reproduced from reference: D. Dutta,
A. Pulsipher, W. Luo and M. N. Yousaf, ]. Am. Chem. Soc., 2011, 133, 8704-8713]

A standard method for cell-surface modification is the treatment of
cells with labelled metabolites, which are incorporated into the
membrane. For example, Iwata et al. incubated cells with membrane
lipids linked to DNA strand.» Introduction of a complementary strand
on a second cell population created a forced interaction between the
two cell types. Similarly, Gartner et al. manipulated the adhesive
characteristics of cells using membranes modified with ssDNA

oligonucleotides (Figure 10).» Bertozzi et al. also used this approach to
25
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present synthetic  glycolpolymers that mimic cell-surface
glycoproteins. These are responsible for controlling cell-cell
interactions.» The cell-assembly kinetics were controlled by adjusting
the complexity of DNA sequences and enabled the formation of 3D

microtissues with determined cell composition and ratio.

The glycans present on the surface of many cell types have also been
used for introducing chemical functionality at the surface of cells.
Bertozzi et al. described a method whereby they incubated cells with
labelled precursors of sialic acids. These precursors containing either
a ketone or azide functionality were taken by cells and incorporated to
the cell surface glycome in order to get labelled.» This method was
used by Francis et al. to introduce the ssDNA strands.»* A modified
oligonucleotide sequence (i.e. ssDNA) was first synthesised bearing a
phosphine group. Via a Staudinger ligation the phosphine-ssDNA
conjugation was then obtained with the azide to form the amide-link

for further modification.=
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Figure 10 Cell-surface glycans or protein lysine side chains or fatty acid amides are
targeted for chemical remodelling and incorporation of oligonucleotides to cell
surfaces. [Image reproduced from reference: N. S. Selden, M. E. Todhunter, N. Y. Jee,
J. S. Liu, K. E. Broaders and Z. . Gartner, J. Am. Chem. Soc., 2012, 134, 765-768]

Sugimoto et al. reported a different approach: by incubating cells with
methacryloyl—modiﬁed N-acetylmannosamine (ManM), they could
introduce methacryloyl groups in surface sialic acid of macrophages.
Via a light-assisted thiolene reaction, the ManM groups were coupled
with a thiol-terminated nucleic acid aptamer, targeting protein
tyrosine kinase-7 (PTK7). Upon co-culture of the cells with a PTK7-
positive lymphoblastic leukaemia cell line (CCRF-CEM,; Figure 11), cell

adhesion was observed, and the cancer cell population was reduced.”
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Figure 11 The surface of RAW264.7 macrophages was modified with a nucleic acid
aptamer and bound with a CCRF-CEM cancer cell. (a) Fluorescence images of co-
cultured human CCRF-CEM leukaemia lymphoblasts (red) is adjacent to murine
RAW264.7 macrophages (green). (b) Number of adherent T lymphoblasts on
100 macrophages. [Image reproduced from reference: S. Sugimoto, R. Moriyama,
T. Mori and Y. Iwasaki, Chem. Commun., 2015, 51, 17428-17430]
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Supramolecular host-guest chemistry methodology has garnered
widespread attention as a tool for controlling molecular recognition.=
The aim is to create cell-cell contacts through the introduction of
supramolecular interactions using host-guest motifs. Ideally, the guest
molecules have a high affinity and selectivity for their host molecules
and the pair make non-covalent, stable and inherent reversible
supramolecular complexes in biological systems.» One such pair is
based on phospholipidylated or cholesteryl-modified cyclodextrin.
These guests could insert into phospholipid membranes and maintain
the ability of the cyclodextrin group to receive guest molecules.=
Alternatively, Peng Shi et al. modified the membrane of MCF-7
(human breast) cancer cells with B-cyclodextrin using a bioorthogonal
labelling approach. Cell-cell interactions were then switched on by the
addition of a divalent guest molecule that could bridge two different
host molecules (Figure 12), or a cell decorated with guest molecules.==
In the example mentioned above, the p-cyclodextrin decorated MCF-7
cells were co-cultured with azobenzene-decorated peripheral blood
mononuclear cells (PMBCs), which resulted in the adherence of the
PMBCs to the MCF-7 cells.
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Figure 12 (a) Schematic representation showing reversible cell-cell contacts. (b)
Confocal microscopy images and (c) flow cytometry analysis of B-CD-modified cells
under different conditions. Scale bars, 50 um. [Image reproduced from reference:
P. Shi, E. Ju, Z. Yan, N. Gao, |. Wang, |. Hou, Y. Zhang, |. Ren and X. Qu, Nat.
Commun., 2016, 7, 13088]

Coiled-coil motifs are comprised of interacting a-helical peptides. On
a subcellular level, this is one of the most common connecting motifs
in nature.=~ These a-helices are stabilised by hydrogen bonds along
the polypeptide chain due to a patterned arrangement of charged and
hydrophobic residues. In nature, coiled-coil peptides present in
around 10% of the eukaryotic proteome= and control a variety of
cellular behaviours, such as transcription,» protein complexes
assembling,~ intracellular trafficking and viral infection= Coiled-
coil motifs therefore offered a potent possible target for mediating

intercellular interactions. Kros et al. have reported the
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incorporation of lipid-modified coiled-coil forming peptides K and E
(Figure 13) into eukaryotic membranes in vitro, but also in living

zebrafish larvae.»w»m

ell 2
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Figure 13 (A) Structures of cholesterol-modified E, (CPE) and K, (CPK) peptides. (B)
Schematic representation of coiled-coil formation and its use to prolong cell-cell
contact, thus enhancing membrane component exchange.

2.5 Conclusions

Components from the cell membrane can relocate between cells both
in vivo and in vitro. This exchange of molecules plays an essential role
in the regulation of cellular interactions and responses to its
environment. However, the exact mechanism and functional outcome

of these exchanges still remains to be elucidated in many cases.
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Chemical approaches to control such cell-cell interactions have been
developed, which will aid in the understanding of the role of these
contact and exchange mechanisms between cells. However, in the area
of cell surface engineering, many challenges remain, such as the
development of mild, cell-compatible reactions and interactors.
The extremely dynamic nature of the cellular membrane
also complicates factors. Nonetheless, cell membrane engineering
appears to be the most robust methodology to manipulate cell
properties and is associated with developing beneficial present and

future cell-based processes.
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3.1 Introduction

The ability of cells to communicate with one another is one of the most
important characteristics of eukaryotic and prokaryotic cells. Some of
this communication occurs by exchange of soluble cellular
components between cells, such as peptides, larger proteins,
individual amino acids and nucleotides; by exosome secretion,” or
through direct exchange of membrane components upon contact
between cells.: This direct exchange of cellular components between

neighbouring eukaryotic cells remains poorly described and its
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involvement in cell-cell communication between neighbouring cells

requires further study

Many cell wall components are not under direct genetic control. For
example, in model systems, radiolabelled or fluorescently labelled
cholesterol has been shown to exchange intracellularly between
organelles and liposomes’ as well as between serum and erythrocytes.:
The rate of lipid exchange in liposomes varies depending on the
solubility, the acyl-chain, the length of the fatty acid and the
hydrophobicity.»» For example, most phosphatidylcholines (PtdCho)
in cells with 16 or more carbon acyl chains have a transfer half-time of
83 hours.» On the other hand, 25-hydroxylcholesterol (250H) is more
hydrophilic than cholesterol and therefore exchanges more rapidly, ==
whereas cholesteryl oleate is more hydrophobic than cholesterol and
exchanges more slowly.. Exchange of cholesterol between host cells
and bacteria (i.e. Borrelia burgdorferi) was also recently reported to be

an important process in the pathogenesis or infectivity of pathogens.:

Aside from these examples of cholesterol exchange, the study of
membrane component exchange is relatively underexplored, =
especially in mammalian cell systems. The dynamics and kinetics of
membrane compound exchange critically impacts many different
biological activities in cells including cell-cell recognition, energy
production, signal transduction and conversion, cell adhesion and

foreign molecule identification.

Here an adaptable strategy utilising flow cytometry is presented, in
which labelled membrane components are used to quantify their
exchange rates (Scheme 1) between mammalian cells in co-culture,

quantify the interactions between glycans and membrane lipids, and
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understand the exchange mechanism. This approach is then applied to
study the exchange of fluorescently labelled cholesterol alkyne-
modified cholesterol> as well as azide-modified sialic acids to
determine any differences in exchange between these different classes
of membrane components.» The latter two are visualised in a two-step
bioorthogonal method.z» Using this approach, the rate of sterol
exchange was shown to be highly cell-line dependent and the rate of
sialic acid-containing component exchange is significantly slower than
that of the sterolic lipids. Finally, a non-exchanging cell line was forced
to exchange both sterols and carbohydrates when brought into
prolonged close proximity using complementary coiled-coils.»> This
suggests that lipid exchange mediated by direct contact is the

dominant mechanism of sterol exchange in these cells.

Unlabelled Labelled
Cell Cell .
MFI MFI MFI MFI
Negative Population  Positive Population Negative Population Positive Population
T=0 mins T=0 mins Membrane T=180 mins T=180 mins
Component
Exchange
—_—
Fluorescence Fluorescence

Scheme 1 Schematic overview of the approach: cell lines are treated with fluorescently
labelled sterol and/or glycan and co-cultured with analogous untreated cells. Analysis
by flow cytometry over time shows the rate of exchange of the fluorescent membrane
component to the non-fluorescent population as a shift in mean fluorescent intensity
(MFI).

3.2 Results and discussion

The initial aim was to develop a broadly deployable assay that would
allow the facile quantification and mechanistic characterisation of the
exchange of membrane components between cells by flow cytometry

(Scheme 1). The recently reported bodipy-modified cholesterol
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(1, Scheme 2), which readily inserts into eukaryotic cell membranes,
was used to determine whether this exchange could be visualised

(Figure 1).»

Cholesterol

o H [e]
O, (0] N{GIu-IIe-AIa-AIa-Leu-GIu-Lys
N 3 NHp
1
o H [e)
o W N{Lys-lIe—AIa—AIa—Leu—Lys»GIuH
H 3 NHz
1"
CPK

=
Low _
Membrane-Compound Mermb H'%‘ g
Exchange embrane-Compoun
Exchange

Scheme 2 (A) Structures of bodipy-cholesterol (Bdp-Ch, 1), alkyne-cholesterol (Alk-
Ch, 2), cholesterol modified E, (CPE) and K. (CPK) peptides. (B) Schematic
representation of coiled-coil formation and its use to prolong cell-cell contact thus
enhancing membrane compound exchange.
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Figure 1 The flow cytometry assay indicates cholesterol exchange between live HeLa
and U2-Os cells, whereas no exchange occurs between Jurkat cells. Cells were treated
with 5 uM bdp-Cholesterol (1, Scheme 1) for 18 h. Labelled and unlabelled live cells
were co-cultured and flow cytometry was completed. The cell population was gated
based on FSC-A vs. 5SC-A (cell doublets were gated out using FSC-H vs. FSC-A)
and histograms of mixed cells; t = 0, 90 and 180 mins are shown for each cell line
with mean fluorescent intensity (MFI) gated accordingly.

A) B)

= |abelled
-u- Unlabelled

10001
500

% Exchange 3h

MFI

2N

A RA A
|
|
|
|
|
4
|
|
|
|
|
|
ﬂa

Mixing Time (min)

Figure 2 Exchange rates of bodipy cholesterol (bdp-Ch 1) are cell-type and live-cell
dependent. Cells were incubated overnight with bodipy cholesterol and then mixed
with unlabelled cells for 3 h. Flow cytometry results were analysed and showed
differences in the lipid exchange rates for the different cell lines. (A) Expression of
fluorescent signal exchange after 3 h for different cell lines indicating that the lipid
exchange depends on the cell line. (B) Fixation abolished lipid exchange of HeLa cells;
HeLa cells fixed using 2% PFA for 15 mins prior to co-culture. Data are represented
as mean = SD. Error bars SD.
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To study whether exchange of this lipid could be observed, various
cell lines (HeLa,» U2-Os,” Jurkat,» AMO,» and the B3Z T cell) were
incubated with 1 as described.» Unlabelled cells were then mixed with
labelled cells and co-cultured at 37 °C for different times. The amount
of exchange of the fluorescently labelled cholesterol over time between
these two populations was then determined using flow cytometry
(Figure 1 and Figure 2A). In this assay, the rate of exchange of bodipy
cholesterol (bdp-Ch 1) was shown to vary significantly between the
different cell lines: after three hours HeLa and U2-Os had exchanged
4.5 £ 0.17% and 4.4 + 0.05% of 1 respectively. Jurkat, AMO and B3Z
cells on the other hand had exchanged < 1% (0.9 £ 0.23%, 0.4 + 0.03%
and 0.6 + 0.12% respectively) (Figure 3A and Figure 3B). It was
hypothesized that cell-cell contact might be the driving force for
membrane lipid exchange as no exchange between suspension cell
lines — which have limited cell-cell contact — was observed. The rate of
exchange (% exchange, AMFI, eq 1) was normalised to live cells based
on scatter plots and cellular fluorescence. The AMFI was calculated as
the amount of fluorescent intensity the unlabelled (negative) cells
gained at time t = 180 mins of co-culture with labelled (positive) cells
in correlation with the total fluorescent intensity (the initial

fluorescently labelled cell population) (eq 1).

FInegative (t=180 mins)_MFInegative(t=0 mins)

M
AMFI =

(eq 1)

MFIpositive (t=0 mins)

Here, flow cytometry was used to determine the differences in
cholesterol exchange between live HeLa cells as a function of lipid
concentrations. Cells were treated with bodipy-modified cholesterol
(bdp-Ch, 1; 1 uM, 5 uM and 10 pM) for 18 hours before mixing with

unlabelled live cells. Upon flow cytometry analysis, the cell
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populations were gated based on forward scatter area (FSC-A) and
side scatter area (SSC-A) characteristics (cell doublets were gated out
using FSC-A vs. FSC-H). An increase in the percentage of a new-
labelled cell population and a decrease in the number of unlabelled
cells was observed, indicating that rate of exchange of cholesterol 1 is

concentration dependent (Figure 3C).
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% £ 3X10: 4—4% 4 i | =Unlabelled Hela
>4 § 2x10%1 +Labelled U2-Os
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& Z o .-~ +lLabelled Jurkat
S0 X ] §=° | ! +-Unlabelled Jurkat
HelLa U2-Os Jurkat oyr-—-+ - .
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—_ Time (min)
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Mixing Time (min)

Figure 3 (A) The percentage exchange or AMFI of the fluorescent signal exchange
after 3 h co-culturing was calculated using AMFI = (MFInegative(t = 180 mins) —
MFInegative(t = 0 mins))/MFIpositive(t = 0 mins). Data are represented as mean +
SD. Error bars SD; *p < 0.05; **p < 0.01; ***p < 0.001; ns = not significant; unpaired
t-tests. (B) Mean fluorescent intensity (MFI) of labelled and unlabelled cells over
varied co-culturing time periods. Data are represented as mean £ SD. Error bars SD.
(C) Cholesterol exchange is concentration dependent. In live HeLa cells, the amount
of co-culturing time for 25% of the unlabelled population to get labelled varies
significantly under different lipid concentrations. Cells were treated with 1 uM,
5 uM or 10 uM bdp-Ch 1 for 18 h prior to co-culturing with unlabelled live cells.
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In order to study that the observed exchange rates were not due to the
fluorescent label, unmodified bodipy-488 was used as a control and,
as expected, did not exchange (Figure 4), showing that the sterol
moiety is essential for the exchange reaction. Altering the ratio of
labelled vs. unlabelled cells (1:1, 1:5, 1:10) and vice versa, or increasing
the culture volume, also affected the rate of exchange (Figure 5),
showing that close contact is necessary for the membrane compound
exchange. It was found that the higher the fraction of labelled cells, the
faster the exchange: 1:1 ratio exchanged 19 times faster than a 1:10 ratio
of labelled vs. unlabelled cells (3.9 + 0.5% vs. 0.2 + 0.05%; Figure 5).
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Figure 4 Exchange of bodipy-488. Flow cytometry assay indicates no bodipy is
exchanged between labelled and unlabelled HeLa-cells. Cells treated with bodipy-ester
(5 uM for 24 h) were mixed with unlabelled HeLa cells. (A) Scatter plots and (B)
overlay histograms of mixing experiments (t=0, 120 and 180 mins) showing any shift.
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Figure 5 Cell ratios affect cholesterol exchange: HeLa cells were mixed at either
different ratio of labelled vs. unlabelled cells (1:1, 1:5, 1:10) or different culture
volume. (A, B) Flow cytometry analysis (t=60, 90, 180 mins) shows exchange rates
to be dependent on fluorescent cell fraction. I Flow cytometry analysis after 180 mins
showed rated to be dependent on the culture media volume. Data are representing as
mean + SD. Error bars SD; *p<0.05; **p<0.01; **p<0.001; unpaired t-tests.

51



Chapter 3

In order to exclude the possibility that the observed cholesterol
exchange was due to endocytosis of cell debris, passive uptake from
dead cells or exosomes, and rather due to a live-cell dependent
process, a series of different control experiments was performed. Cell
death was first quantified in the co-culture experiments, by adding
membrane impermeable propidium iodide (PI) dye» to the cell co-
cultures prior to flow cytometry assay showing that the number of
dead cells was always <2% (Figure 6B and Figure 6C), even when low
temperature or sodium azide were used. In case of fixed cells, a fixable
viability dye for live/dead selection could be used instead. Then, in
order to exclude the possibility that the observed cholesterol exchange
was due to endocytosis of cell debris, unlabelled cells were co-cultured
with the lysate from cells labelled with 1. In this system, there was no
lipid uptake or fluorescent labelling after three hours (Figure 6A) at a
lysate concentration representing 5% dead cells. Hypothermia or
metabolic inhibitors (such as sodium azide) have a major impact in
energy-dependent metabolic or biological processes.=» Moreover,
when cells were co-cultured under these conditions, differences in the
number of dead cells could not be observed (Figure 6B and Figure 6C).
Upon ATP depletion with sodium azide or low temperature,
membrane lipid exchange was minimised or abolished respectively,
indicating that the cholesterol exchange is energy dependent (Figure
6D). Using a chemical fixation step, biological, biochemical and
proteolytic processes could be inactivated and cellular components
could be kept immobilised and as ‘lifelike” as possible.=» Consequently,
paraformaldehyde-fixation prior to mixing abolished all exchange
(Figure 2B) indicating that the lipid exchange is a live-cell dependent

process.
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Figure 6 Cell debris does not affect the lipid exchange in HeLa cells. (A) Labelled
HeLa cells with bdp-Ch 1 were lysed by ultra-sonication and co-cultured with
unlabelled cells at 37 °C for 3 h. MFI was calculated using flow cytometry and results
showed any uptake of the fluorescent lipid difference. (B) Labelled HeLa-cells with
bdp-Ch 1 were co-cultured for 3 h with unlabelled cells with or without 1 mM sodium
azide at 37 °C or 4 °C. Propidium iodide (PI) used as live/dead dye. Flow cytometry
analysis indicates <2% cell debris and lipid exchange independent of cell debris and
only at 37 °C. (C) Labelled HeLa-cells with bdp-Ch 1 were co-cultured with
unlabelled cells with 1 mM sodium azide at 4 °C for metabolic and energetic
inhibition; flow cytometry analysis indicates <2% cell debris, the absence of toxicity
during these conditions and the absence of lipid exchange due to cell debris. (D)
Cellular energy is necessary for membrane lipid exchange. Labelled HeLa-cells with
bdp-Ch 1 were co-cultured with unlabelled cells with 1 mM sodium azide for ATP
depletion at 37 °C or 4 °C. Flow cytometry analysis indicates the absence of lipid
exchange at 4 °C or the decrease of the exchange at 37 °C with sodium azide.

To study whether the mechanism of exchange was based on the
exchange of exosomes, the exchange of free 1 or cell-cell contact,
unlabelled and labelled populations have been spatially separated in

a trans-well assay (Figure 7A).» All sterol exchange was abolished,
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even when large-pore (0.4 ym) membranes were used (through which
exosomes can pass and cells cannot), indicating that cell-cell contact
is most likely responsible for the exchange of 1. The absence of any
incorporation of 1 in unlabelled cells after a supernatant transfer from
a labelled population (Figure 7B) strongly supports the hypothesis
that cell-cell contact is the main method of exchange of cholesterol

in this system.
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Figure 7 HelLa cells show no lipid exchange when co-cultured in a trans-well plate.
(A) Labelled HeLa-cells with bdp-Ch 1 were separated by a 0.4 um membrane from
unlabelled cells and incubated for 3 h. Flow cytometry analysis indicates the absence
of lipid exchange. (B) Supernatant exchange. HeLa-cells were incubated with 1) and
washed with PBS. After 1 h, the supernatant was collected and added to an unlabelled
population of HeLa-cells for 3 h. No labelling was observed.

To further investigate that close contact between cells is important for
lipid transfer, testing was done as to whether forcing the cells into
prolonged close proximity would enhance the exchange rate. A

supramolecular approach was chosen, by which a pair of
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complementary lipidated coiled-coil peptides was introduced== to
force cells in close proximity in a non-covalent manner (Scheme 2,
Figure 8). Coiled-coil-forming peptides E [(EIAALEK)] and K
[(KIAALKE).] conjugated via a poly(ethylene glycol). spacer with a
cholesterol moiety (denoted CPE or CPK respectively) have been
reported to insert spontaneously into cell membranes,»+ and were used

here to study lipid exchange.

Figure 8 Confocal microscopy of Jurkat cells with or without coiled coil. (I-III) Jurkat
cells were labelled with 1 and co-cultured with unlabelled cells without the presence
of lipidated coiled-coil peptides. (IV-VI) Jurkat cells were labelled with 1 and treated
with 5 uM CPE and were co-cultured with unlabelled cells which had been pre-
treated with 5 uM CPK.

To study the effect of forced proximity on cholesterol exchange,
lymphocytic Jurkat cells were used as these showed the lowest
exchange rate (Figure 3A). The cells were labelled overnight with 1 and
after washing were incubated with 5 uM cholesterol-CPE. In parallel,
unlabelled cells were treated with 5 uM CPK. Next, the CPE- and CPK-
modified Jurkat cells were mixed and the rate of exchange of 1 was

determined. Flow cytometry results indicate that upon coiled-coil
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formation between CPE- and CPK-modified cells, membrane-
cholesterol exchange was enhanced 3-fold (from 1.0 + 0.18% to 3.3 £
0.35%) compared to coiled-coil peptide untreated cells (Figure 9A and
9B). The results are suggestive of the exchange rate of 1 being
enhanced by forced membrane contact (Figure 9C). Moreover,
confocal microscopy after three hours confirmed that upon coiled-coil

formation, cells were in close proximity (Figure 8).
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Figure 9 (A) Forcing cells in close proximity using lipidated coiled-coil (CC) peptides
enhances sterol exchange. The first dot-plot shows the gated cell population followed
by three dot-plots showing the coalescence of the labelled and unlabelled cells using
Alk-Ch (2) at t =0, 90 and 180 mins. (B) Histograms of Jurkat cells over different co-
culturing times using alk-Ch (2, Avanti) with and without coiled-coil peptides. (C)
Exchange rates of 1 and 2 in Jurkat cells after 3 h co-culturing in the presence or
absence of CC peptides. Both 1 and 2 show similar exchange rates between CC- and
non-CC-labelled cell populations. Data are represented as mean + SD. Error bars SD;
*p < 0.05; *p <0.01; ***p < 0.001; unpaired t-tests.
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Many membrane components are not amenable to selective
fluorophore labelling and the bulky nature of such groups can affect
the biological properties of the parent molecule. After establishing the
exchange rate of fluorophore-modified cholesterol 1 between different
cell types and manipulating these rates of exchange through forcing
cell-cell contacts, the cytometry analysis was combined with the
detection of bioorthogonal groups in a two-step approach to monitor

the exchange of other membrane components.s
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Figure 10 Flow cytometry assay indicates no cholesterol exchange between live Jurkat
cells. Cells were treated with cholesterol-alkyne (Alk-Ch 2, Avanti, 10 uM for 24 h).
Labelled and unlabelled live cells mixed and labelled using copper-catalysed azide-
alkyne cycloaddition (CuAAC) and flow cytometry assay showed any cholesterol
exchange. (A) Dot plots and histograms of mixing cells at t=0 mins and t=180 mins.
(B) MFl in different times. (C) Exchange rates of Alk-Ch (2) and bdp-Ch (1) in Jurkat
cells in the absence of CC peptides. (D) Histograms in different times, showing no
Alk-Ch (2) exchange. Data are represented as mean + SD. Error bars SD.
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Bioorthogonal chemistry can be used to visualise non-genetically
templated biomolecules in cells by means of incorporating a small
biologically inert chemical group into a biomolecule class of choice and
visualising these at the end of an experiment using tag-selective
ligation chemistry.»» The main advantage of this approach is that the
small and stable bioorthogonal groups can be incorporated into non-
templated molecules and can then hijack the biosynthetic pathways of
these molecules. This approach has been used extensively to label
many different cell biomolecules, such as glycans, lipids and
nucleotides.«s To determine whether a two-step bioorthogonal
approach could be used to measure exchange kinetics, first the
approach was validated using the recently reported alkyne-modified
cholesterol 2.» In a coiled-coil-enhanced exchange experiment in non-
adherent Jurkat cells, a comparable 2.5-fold increase in the exchange
rate with and without coiled-coil treatment was observed (from 0.7 +
0.30% without CC to 2.5 £0.25% with CC after three hours; Figure 9,
Figure 10). For this experiment, live-cell compatible variants of
the copper-catalysed azide-alkyne cycloaddition (CuAAC) were

initially used.=
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Figure 11 (A) Schematic representation of cell surface glycan labelling. (B) Flow
cytometry overlay histograms on different times show no enhancement of glycolipid
exchange between Jurkat cells after coiled-coil formation; Jurkat cells were treated
with AcManNAz and CPE co-cultured with untreated cells with CPK and labelled
with CuAAC. (C) AMFI [AMFI= (MFL....os...-MFL..0n, | MFI.........] expression of
exchange after 3 h between sterol and glycan in single- and double-labelled co-culture
experiments; data show lipid exchange independently of the glycan exchange. Data
are represented as mean + SD. Error bars SD; n/s p > 0.05; unpaired t-tests.

Based on previously reported evidence that by using lower copper
concentrations in combination with chelating ligands (TTMA, THPTA,
BTTAA, etc.) toxicity could be minimised and be equally “non-toxic”
with strain-promoted cycloadditions, »= the conditions were optimised
using the well-established WST-1 viability assay. However, despite the
fact that these conditions did not significantly affect cell viability as
measured by WST-1 viability assay and also 7-AAD (7-
Aminoactinomycin D) viability dye (Figure 13), the cells displayed
aberrant morphology as determined by flow cytometry (Figure 12).

One explanation for this aberrant morphology could be that under
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these conditions programmed cell death had commenced. Therefore,
a fix-and-click protocol was used in which the cells were first
paraformaldehyde-fixed (2%) prior to CuAAC labelling.«= In flow
cytometry, a cell traverses through a laser beam allowing the
instrument to measure the amount of light which goes around the cell
or cell size (FSC) and the amount of light which bounces off the
internal particulates of a cell or cell granularity (S5C).»= The ce’l's
ability to scatter light is altered during cell death, reflecting
morphological changes such as cell swelling or shrinkage.= Therefore
changes in morphology of a dying cell can be detected using light

scatter in flow cytometry.
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Figure 12 Live-cell CuAAC affects cellular morphology. HeLa-cells treated with
cholesterol-alkyne were subjected to CuAAC conditions with Alexa Fluor® 488 azide.
(A) FSC/SSC before addition of CuAAC-reagent mix of unfixed and fixed cells. (B)
FSC/SSC after addition of reagents to unfixed and fixed cells. Fixed cells retain their
FSC/SSC profile, whereas live cells broaden their FSC/SSC value distribution.
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Figure 13 CuAAC does not have a major impact in cell viability. (A) Cells were
treated with/without Ac4ManNAz for 72 h or with Alk-Ch (2, Avanti) 10 uM, and
then subjected to CuAAC (with or without catalyst) conditions for 5 mins (100 uM
CuSO4, 250 uM TTMA [(Tris((1-((O-ethyl)carboxymethyl)-(1,2,3-triazol-4-
yD))methyl)amine] ligand, 2.5 mM sodium ascorbate and 3 uM Alexa Fluor® 647
Alkyne or Alexa Fluor® 488 azide). Cells were washed 3 times. The cell WST-1
viability assay* shows no difference in cell viability under these CuAAC conditions,
despite the observed morphological changes in S10. (B) Cells treated with Alk-Ch (2,
Avanti) 10 uM and were subjected to CuAAC; 7-AAD viability dye was used and no
major cell toxicity (<4 %) was defined.

Having established the suitability (and limitations) of a bioorthogonal
approach to detect cholesterol exchange, a similar approach was used
to determine whether the exchange of another integral membrane
component could be monitored: sialoglyoproteins  and
sialoglycolipids. These vital membrane components have been
associated with cell-cell communication, metastatic behaviour, human

disease and cell recognition.= HeLa cells were first labelled using a
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bioorthogonal analogue of the metabolic precursor of sialic acid, per-
O-acetylated N-2-azidoacetylmannosamine (AcManNAz)» which is
converted to sialic acid inside the cell and transferred to nascent
galactose-terminated glycans in the trans-Golgi network (Figure 11A).
Previously well-established protocols indicate that a sufficient amount
of corresponding sialic acids is biosynthesised and presented in cell
surfaces after three-day treatment with the specific metabolic sialic
acid precursors.»== Here, HelLa cells were treated with 50 uM
AcManNAz for 72 hours prior to mixing and co-culturing with
untreated HeLa cells. Flow cytometry after paraformaldehyde fixation
(2%) showed that the rate of exchange of the sialoglycome was
significantly slower (0.98 1+0.40% after three hours) compared to
cholesterol exchange (Figure 11B and Figure 11C).

This lack of exchange was not due to the AcManNAz labelling, as the
exchange of 1 in cells labelled with both AcManNAz and 1 was
unaffected (Figure 11C). A speculation about the biological
significance of the absence of exchange could be made: the observed
slower exchange of glycans between cells may reflect reduced freedom
of movement of these larger sialoglycolipids in the cell membrane, or

their specific function in cell adhesion.=«

3.3 Conclusions

This study demonstrates that different mammalian cells exchange
membrane components in a time- and cell-type dependent manner.
This exchange appears to be due to cell-cell contacts and can be
enhanced when cells are forced in close proximity. The exchange of
sialylated membrane components appears to be significantly slower
compared to sterols, indicating the presence of differential control

mechanisms of exchange for these components. Radio-labelled
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cholesterol in combination with mass spectroscopy and targeted
metabolomics could be used in later stages for validation of the
aforementioned technique. These experiments could be used to study
the exchange of other lipids as well, such as inflammatory mediatorse«
and mediators of neuronal signaling+ as these have been shown to be
amenable to bioorthogonal or fluorescent modification«. This will
likely help to improve understanding of the role of these compounds

in cell-cell communication, cell interactions and disease development.
3.4 Experimental methods

Reagents

Cholesterol and all other chemical reagents were purchased at the
highest grade available from Sigma-Aldrich and used without further
purification. All solvents were purchased from Biosolve. Phosphate
buffered saline (PBS) consisted of 5 mM KHPO, 15mM KHPO,
150 mM NaCl, pH 7.4. Silica gel column chromatography was
performed using silica gel grade 40-63 pm (Merck). Thin-layer
chromatography (TLC) analysis was performed using aluminium-
backed silica gel TLC plates (60. 254, Merck), visualisation by UV
absorption at 254 nm and/or staining with KMnO, solution. NMR
spectra (H and =C) were measured on a Bruker AV-400MHz
spectrometer at ambient temperature at the Leiden Institute of
Chemistry NMR facility. Chemical shifts are recorded in ppm.
Tetramethylsilane (TMS) is used as an internal standard. Multiplicity
was reported as follows: s = singlet, d = doublet, dd = doublet of
doublets, t = triplet, q = quartet, m = multiplet, br =broad. Electrospray
LC-MS analysis was performed on a PE SCIEX: API 3000 LC/MS/MS
system using a Gemini 3u C18 110A analytical column (5u particle

size, flow: 1.0 ml/ mins), on which the absorbance was measured at 214
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and 254 nm. Solvent system for LC-MS: A: 100% water, B: 100%
acetonitrile, C: 1% trifluoroacetic acid (TFA) (aq). MALDI-TOF mass
spectra were acquired using an Applied Biosystems Voyager System
6069 MALDI-TOF mass spectrometer. a-Cyano-4-hydroxycinnamic
acid (CHCA) was used as matrix in all cases. Sample concentrations
were ~0.3 mg/ml. HPLC-ELSD analysis was performed using a
Shimadzu HPLC set-up equipped with two LC-8A series pumps
coupled to a Shimadzu ELSD-LT II detection system. Separation
(Vydac 214 MS C4 column, 5u, 100 x 4.6 mm, flow rate: 15 mL /mins),
in all instances, was carried out over a linear gradient of
10-90% B over 20 minutes with an initial five-minute hold at 10% B.
HPLC buffers: A: HO (0.1% TFA); B: acetonitrile (0.1% TFA). The drift
tube temperature for ELSD was set at 37 °C and the nitrogen flow-rate
at 3.5 bar.

Flow cytometry~=

Flow cytometry assays were performed using the Merck Guava®
easyCyte 12HT Benchtop Flow Cytometer and all flow cytometry data
was analysed using FlowJo™ v10.1 (FlowJo, LLC). Counting and
characterization was performed by measuring 10,000 events in
triplicate and concatenation of this data. For manual gating, the
outermost ring of the dot plot was selected. Quadrants were manually
selected to illustrate fluorescence plots. No compensation was

required.

Flow cytometry is a technology that simultaneously measures and
then analyses multiple physical characteristics of single particles,
usually cells, as they flow in a fluid stream through a beam of light.
Light scattering occurs when a particle deflects incident laser light.

Correlated measurements of forward-scattered light (FSC) and side-
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scattered light (SSC) can allow for differentiation of cell types in
a heterogeneous cell population. FSC is proportional to cell-surface
area or size, whereas SSC is proportional to cell granularity or

internal complexity

Cholesterol exchange assay

For the study of cholesterol exchange, cells were incubated with Bdp-
Cholesterol 1 (TopFluor®, Avanti) for 18 hours at 37 °C. Cells were
washed six times, before co-culture with unlabelled cells. For the study
of exchange of adherent cells, the cells were detached prior to
exchange using EDTA/PBS for 15 minutes and seeded in a 96-V-plate

for the mixing and exchange.

Coiled-coil enhancement of exchange reaction

For the coiled-coil formation labelled cells were treated with 5 uM CPE
and the unlabelled cells with 5 yM CPK for 10 minutes at 37 °C. Cells
were washed twice with PBS and resuspended in fresh media. Cells
were mixed and co-cultured for different time periods (20,000
cell/100ul treated+ 20000 cell/100ul untreated) in media with or
without serum. Fluorescence was then measured using Guava®
easyCyte 12HT Benchtop Flow Cytometer and results analysed using
FlowJo™ v10.1 (Flow]Jo, LLC).

Bioorthogonal sialylated glycan exchange assay

For the glycan studies, cells were incubated with 50 yM AcManNAz
for 72 hours at 37 °C. Adherent cells were detached using 2 mM
EDTA/PBS for 15 minutes and mixed in a 96-V-plate with unlabelled
cells. For the coiled-coil mediated exchange enhancement, cells were
treated with 5 yM CPE and 5 uM CPK for 10 minutes at 37 °C prior to

mixing. Cells were washed twice with PBS and resuspended in fresh
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media. Cells were mixed and co-cultured for different time periods
(20,000 cell /100ul treated+20,000 cell/ 100ul untreated) in media with
or without serum. Prior to labelling cells were fixed with
paraformaldehyde (PFA) 2% for 15 minutes at room temperature. The
PFA was removed (2 x washing) and the cells were resuspended in
PBS. Then the CuAAC mix was added. Click solution comprised of
1mM CuSO4, 100 uM TTMA [(Tris((1-((O-ethyl)carboxymethyl)-
(1,2,3-triazol-4-yl))methyl)amine] ligand, and 2 mM sodium ascorbate
and 2 uM Alexa Fluor® 647 alkyne (Invitrogen). After 20 minutes, the
cells were washed three times with PBS, prior to incubation with 3%
bovine serum albumin (BSA) for 30 minutes to remove unreacted
fluorophore. The cells were then washed and flow-cytometry was
performed. For the cholesterol-alkyne assay, the cells were incubated
for 18 hours at 37 °C with 5 uM cholesterol-alkyne 2 (Avanti) in full
media>. Cells were then co-cultured, fixed and labelled using the above
biorthogonal labelling protocol but with 2 uM Alexa Fluor® 488 azide

(Invitrogen).

Mammalian cell culture

Cells were cultured in 25 cmv flasks and split at 70-80% confluence
(three times per week). The flasks were incubated at 37 °C at 7.0% CO..
The medium was refreshed three times a week. Cells used in all
biological experiments were cultured for a maximum of 8 weeks.
Adherent cell cultures with a maximum confluence of 70-80% were
trypsinised and centrifuged (1.5 mins, 2000/4000 rcf (live/ fixed cells),
and the cells were resuspended using fresh media. 10 puL of cell
suspension and 10 pL of trypan blue were mixed and pipetted into a
cell counting slide, and cells were counted using a BioRad TC10
automated cell counter. The cell suspension was diluted to the

appropriate seeding density.
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HeLa», U20s- cells were cultivated in Dulbecco’s Modified Eagle’s
Medium (DMEM), supplemented with 10% foetal calf serum, 2 mM L-
glutamine, 1% penicillin and 1% streptomycin. Cells were cultured in
an atmosphere of 7% CO.at 37 °C. Medium was refreshed every two
days and cells passaged at 70% confluence by treatment with trypsin-
EDTA (0.05% trypsin). Jurkat:1 and AMO cells were grown in RPMI
1640 medium supplemented with 10% heat-inactivated foetal calf
serum, 2 mM L-glutamine, penicillin 100 LU./mL and streptomycin
50 pg/mL. CTL hybridoma, B3Z» was cultured in IMDM medium
supplemented with 10% FCS, 2mM glutamax, 0.25mM 2-
Mercaptoethanol, penicillin 100 1.U./mL and streptomycin 100pg/mL
in the presence of hygromycin B (500 pg/ml).<

Live cell confocal microscopy

Cells were seeded on a 35 mm dish (3 x 10) in a complete media after
the addition of 5 uM bdp-Ch 1 for 18 hours. The following day, prior
to the confocal microscopy, lipidated coiled-coil peptides were added
as follows: 5 uM final concentration of CPE was added to bdp-Ch
treated cells and 5 uM of CPK was added to unlabelled cells; both were
incubated at 37 °C for 10 minutes. After three washing steps, fresh
media was added and cells were transferred into an 8-well p-slide
(Ibidi, cat. 80826) by mixing 1 x 10:-bdp-Ch-CPE-modified cells with an
equal amount of CPK-modified cells per well. Samples were imaged
with a Leica TCS SP8 confocal microscope (63x oil lens, N.A.=1.4).

WST-1 cytotoxicity assay*

The cell proliferation reagent WST-1 (CAS 150849-52-8) was used to
assess cell viability. This assay is based on the cleavage of a tetrazolium
salt (WST-1) to soluble formazan dye by the mitochondrial

dehydrogenase of living cells. At indicated time-points, 10 ul of a
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freshly made mixture of WST-1 and PMS-OMe (90 uM WST-1 and
181 uM PMS-OMe) were added to each well, and the plates were
incubated at 37 °C for four hours. Subsequently, the optical densities
of the plates were detected at 450nm (formazan formation) as
measured using a 96-well plate reader. The cytotoxicity was expressed

as percentage over control.

Transwell assay«

Labelled cells were prevented from directly contacting unlabelled cells
using a transwell 0.4 um-pore membrane (Costar). Cells were seeded
in a 6-well plate with full DMEM media with or without the addition
of 5 uM bdp-cholesterol (TopFLuor®, Avanti) and cells incubated 24h
at 37 °C. Cells were detached with 2.5 mM PBS/EDTA, washed and
then re-suspended in DMEM media and then counted. Labelled cells
(in 0.3 mL of medium) were added in the upper compartment (done
in 6-well plates) and unlabelled cells (in 0.5 mL of medium) placed in
the lower chamber separated from targets. The inserts were then
picked up using gloves and transferred onto the top of the unlabelled
HeLa cell culture with the addition of 2 ml of fresh media into the
inserts. The cells were incubated for three hours at 37 °C, and then

collected and analysed with flow cytometry.

Synthesis of AcManNAz

AcManNAz  (Tetra-O-Acetyl-N-azidoacetylmannosamine)  was
synthesised in full accordance with the reported procedure.=

‘H NMR (400 MHz, CDCL,), d= 6.04 (d, 1H), 5.91 (d, 1H), 5.49 (d, 1H),
5.33 (d, 1H), 5.18 (dd, 1H), 5.00-4.97 (m, 1H), 4.81 (d, 1H), 4.77 (d, 1H),
455 (d, 1H), 4.54 (dd, 1H), 4.52 (d, 1H), 4.4 (m, 2H), 4.32 (m, 7H), 4.1
(m, 1H), 2.14 (s, 3H), 2.11 (s, 3H), 2.04 (s, 6H), 1.99 (s, 6H), 1.5 (s, 3H),
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1.34 (s, 3H). LC-MS (ESI): m/z [M+H]+, calc. for C.H.N.O,: 431.37;
found 431.37.

Synthesis of peptides

CPE (cholesterol-PEG,-peptideE) and CPK (cholesterol-PEG.-
peptideK) were synthesised and purified as previously reported.-
Peptide sequences were (EIAALEK), and (KIAALKE), for E and K

respectively.
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Identifying membrane lipid exchange
between immune cells

4.1 Introduction

The transfer of cell membrane components such as surface lipids and
proteins between immune cells is an area of intense investigation.:
Cells communicate with a wide variety of mechanisms including both
exosome secretion and direct cell-cell contact.> Cellular membrane
components can also be exchanged with the formation of gap junctions,
nanotubes, and processes such as direct membrane component
transfer and trogocytosis.* During antigen presentation, lymphocytes
and antigen-presenting cells (APCs) form a rigidly structured contact;
i.e. immune synapse (IS) as a mechanism of communication.w The
exact mechanism for cellular membrane exchange or which

components can be exchanged is still unknown. However, it has been
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suggested that direct contact or close distance between the two cells
plays an essential role.»= Between immune cells, the membrane
exchange of proteins via direct contact in CD8+ T cells was first
described by Hudrisier et al. and later by others.=* Recently, Daubeuf
et al. have described the ability of T cells to “steal” components from
the membranes of target cells..» However, the role of specific lipids in
this exchange — as well as the rate at which non-proteins are exchanged

— remains unknown, as does the directionality of the approach.

Chapter 3 described how forced cell-to-cell contacts between non-
exchanging cells can result in the exchange of lipids and glycans.» It
was hypothesized that the synaptic contact between a T cell is a natural
variant of such a forced contact. The cells often remain in very close
proximity for more than 3 hours with the contact surface between the
two cells not being atypical.== As such, it was postulated that synapse
formation could also enhance membrane exchange. This hypothesis
was further fuelled by the observations that T cells are in serious need

of nutrients and lipids to ensure their proper activation.

To date this exchange of membrane lipids along the immunological
synapse has not been reported on. In the past lipophilic fluorescent
chemical tracers have been used between cells, suggesting membrane
compound exchanges. However, a possible complication with these
dyes is the fact that they show a severe fluorescent loss due to
modifications. Additionally, many different experimental steps, such
as fixation, dye concertation or cell concentration, might affect the final

fluorescent intensity of lipophilic dyes.

Bioorthogonal chemistry can be used instead to visualise non-

genetically templated biomolecules in cells incorporating a small
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biologically inert chemical group into a biomolecule class of choice and
visualising these at the end of an experiment using tag-selective
ligation chemistry.»» The benefit of this approach is that the small and
stable bioorthogonal groups can be incorporated into non-templated
molecules, and they can hijack the biosynthetic pathways of these
molecules. This approach has been used extensively to label many

different cell biomolecules, such as glycans, lipids and nucleotides.

The exchange of plasma membrane components has been used as the
fundamentals in assays for trogocytosis analysis protocols (TRAP) for
detecting fluorescent components such as proteins, lipids or
glycoconjugates.>» In this chapter an adaptable strategy based on
TRAP assays is presented, in which fluorescent and clickable lipids
were used to determine the membrane component exchange between
APC and T cells in co-culture. A range of sterols and aliphatic acids
were screened in an attempt to learn more about the effect of their
biochemical characteristics and structure on their behaviour in
trogocytosis tests, and possibly to shed light on the still unanswered
question of the cellular and molecular mechanisms of membrane

component exchange between immune cells.

4.2 Results and discussion

This work aimed to develop a methodology that would allow the facile
quantification of the exchange of membrane components between
immune cells. Chapter 3 described the optimisation of the kinetic
study of cholesterol exchange between mammalian cells using flow
cytometry.» The occurrence of membrane compound exchange can be
demonstrated by labelling the membrane of APCs using modified
lipids or fluorescent sterols and observing the existence of these probes

onto the target cells; i.e. lymphocytes after their co-culture. Membrane
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component exchange was calculated based on the fluorescent intensity

of the acceptor cell upon co-culture with donor cells.

The particular lipids were selected based on their ability to be
incorporated in cell membranes, and for their structure or biochemical
properties to not be affected by the presence or absence of a
fluorophore. The studies outlined previously revealed a bodipy-
cholesterol (TopFluor®-) and cholesterol-alkyne= analogue which lead
to very efficient incorporation of the sterols into live cells. It was found
that between mammalian cells, membrane sterol of the plasma
membrane tend to exchange in different rates between cells upon
direct contact.» Therefore, the tendency of sterols or palmitate lipid to
efficiently incorporate into immune cells such as bone marrow derived
dendritic cells (BMDCs) and T cells was examined. Indeed it was
found that certain lipids have a much stronger tendency to exchange

between cells than others.

Figure 1 Library of different lipids used: (1) Alkyne-cholesterol, cholesterol-click,
Avanti Polar Lipids;, (2) cholesterol propiolic acid, O-Click; (3) TopFluor®
Cholesterol, bodipy-cholesterol, Avanti Polar Lipids; (4) palmitic acid (15-yne),
palmitic-click, Avanti Polar Lipids. Cells were incubated for 24 h with 10 uM of each
lipid.
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Initially a possible exchange of membrane lipids (Figure 1) between
these cells as a result of their close direct contact was investigated. To
study the lipid exchange between live cells, either naive T cells
(splenocytes) were labelled with clickable or fluorescent lipids and co-
cultured with BMDC cultures or vice versa for 48 hours. Azides and
alkynes are the archetypal bioorthogonal group due to their absence
and small size respectively in biological systems.» The former can be
modified using different bioorthogonal chemical reactions such as the
copper-(I)-catalysed cycloaddition with terminal alkynes (CuAAC)
with the smallest available modification highly suitable for lipid
modification.= Flow cytometry of the population of T cells co-cultured
for 48 hours with labelled-BMDC showed that T cells acquired
membrane sterol from BMDC. Strikingly, this experiment showed a

potent lipid-type dependence of exchange between them.
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Figure 2 The gating strategy used for the analysis of bone marrow derived dendritic
cells (BMDCs) co-incubated with T-cells (splenocytes). Initially, cells were analysed
for FSC-A versus FSC-H and SSC-A versus SSC-H to exclude doublet cells. The cells
were then analysed with a live/dead (DAPI) staining versus FSC-A, and a gate was
drawn to include all dye-negative cells. The combination of these gates served to
analyse CD8 versus CD11c staining in the various samples. The mean fluorescent
intensity (MFI) of the acceptor cell was measured, calculating the amount of the
exchanged compounds.

The aim of co-culturing BMDCs (acceptor) with naive T cells (donor)
was to gather evidence regarding the significance of their membrane
component interactions in vitro. BMDCs co-cultured with T cells
stimulate the generation of mature cells and influence certain stages of
immune cell development (Figure 2). To determine whether cell-cell
contact, soluble lipids or exosome exchanges was the predominant
route of exchange, the unlabelled and labelled populations of cells
were separated from one another in a trans-well assay.> In this system,
the rates of exchange were found to be abolished when the cells were

separated by a 0.4 ym membrane. The results showed that, in order for
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the BMDCs to apply those interactions with T cells, direct cell-cell
contact must exist between them. Fixation of the donor cell’s
membrane using paraformaldehyde (PFA) inhibits the transfer of
membrane components between cells (Figure 3). Cells treated with
unmodified bodipy-488 and co-cultured at 37 °C for 24 hours with

unlabelled cells showed no exchange of fluorescence (Figure 3).
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Figure 3 Cells were analysed based on the protocol described in Figure 2. The MFI of
the acceptor cell was measured, calculating the amount of the exchanged compounds.
Red: direct contact between BMDC (acceptor) and CDS8 (donor); Blue: transwell
assay; labelled T cells were separated by a 0.4 um membrane from unlabelled BMDC
and incubated for 48 h. Flow cytometry analysis showed no lipid exchange; Yellow:
supernatant exchange. T cells were incubated with different lipids: (1) Alkyne-
Cholesterol, Cholesterol-Click; (2) Cholesterol propiolic acid, O-Click ; (3) TopFluor®
Cholesterol, Avanti Polar Lipids, BOD-Cholesterol; (4) palmitic acid (15-yne),
Awvanti Polar Lipids, Palmitic-Click) all at final concertation 10 uM. After 1 h, cells
were washed 3 times and the supernatant collected and added to an unlabelled
population of splenocytes for 48 h. The absence of labelling was observed. Cells
labelled with a live/dead dye, antibody surface staining (CD11c for BMDC and CD8
for T cells), and after PFA 1% fixation, with CuAAC. A control fluorophore bodipy
ester at final concertation of 10 uM used. Data expressed as mean £ SEM (n=3) and
is representative of 3 independent experiments. **p <0.01, unpaired t-test.
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Thereafter the previous protocol was applied in order to study
whether the presence of an epitope and the subsequent activation of
T cells was playing a role in the lipid exchange. Thus, OT-I transgenic
T cells, which express a T-cell receptor (TCR) that recognises
SIINFEKL, were co-cultured with BMDC. OT-I cells were treated with
1 (Alkyne-cholesterol, Ch-Alk) or 4 (palmitic acid (15-yne)) at final
concertation of 10 pM with or without the addition of 10nM
SIINFEKL and co-cultured with BMDC for 24 hours. Fluorescence
microscopy and flow cytometric analysis was used in order to confirm
the importance of the epitope in the membrane exchange as well as to
localise the uptaken lipids. At the end of the incubation, cells were
gently removed, labelled with CuAAC and tested by flow cytometry
for fluorescence increase of BMDC as a result of lipid exchange with
OT-I. Lipid transfer occurred only upon the presence of the epitope
SIINFEKL, indicating that the T-cell activation is vital for the
membrane compound exchange. Cells were also co-cultured in a
microscopy chamber plate in order to visualise the exchanged lipids.
After the T cells were removed, the residual adherent BMDCs were
directly examined by fluorescence microscopy to investigate the
localisation of the transferred lipids from the OT-I to the BMDC
(Figure 4).
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Figure 4 Membrane transfer between OT-1 and BMDC cells increased in the presence
of SINFEEKL epitope. OT-I cells were labelled with different lipids (1 Alkyne-
cholesterol, Ch-Alk, Avanti Polar Lipids; 4 palmitic acid (15-yne), Avanti Polar

Lipids) at final concentration of 10 # M, with or without the addition of 10nM
SIINFEKL, and co-cultured with BMIDC for 24 h. Cells labelled with CuAAC (click

solution comprised of 1 mM CuSO4, 100 u M TTMA ligand, 2 mM sodium

ascorbate and 2 1M Alexa Fluor® 488 azide). (A) MFI of unlabelled BMDC after
co-culture. Increase of the fluorescence intensity indicated the lipid transfer from the
OT-I cells. Data shows the MFFI of BMDC cells expressing CD11C. (B) Confocal
microscopy images indicate the localisation of the transferred lipids from the OT-I to
the BMDC after SIINFEKL treatment. A control fluorophore bodipy ester at final
concentration of 10 uM was used. Data expressed as mean + SEM (n=3) and is
representative of 3 independent experiments. **p <0.01, unpaired t-test.

4.3 Conclusions

Previous results suggested that cell membrane lipids might not be
equally transferred during cell-cell contact. However, there does
appear to be a specific rate of selectivity in the classes of cell membrane
components transferred from antigen-presenting cells to T cells. The
precise mechanism of exchange between these cells requires further
study, but likely requires the formation of a synapse after direct
contact between donor and acceptor cells. It has been shown that
abnormalities in T-cell development could be affected by the capture
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of membrane fragments such as lipids. This study demonstrates that
BMDCs can perform capture of membrane lipids. These findings could
lead to alternative approaches to the exchange of membrane lipids in
immune cells, focusing on manipulating the targeting lipids for
restricting undesirable processes, in order to understand

immunotherapies.
4.4 Experimental methods

Reagents

Cholesterol and all other chemical reagents were purchased at the
highest grade available from Sigma-Aldrich and used without further
purification. All solvents were purchased from Biosolve. Phosphate
buffered saline (PBS): 5 mM KH,PO, 15 mM KHPO, 150 mM NaCl,
pH 7.4. Silica gel column chromatography was performed using silica
gel grade 40-63 pm (Merck). TLC analysis was performed using
aluminium-backed silica gel TLC plates (60, 254, Merck), visualisation
by UV absorption at 254 nm and/or staining with KMnO, solution.
NMR spectra (H and =C) were measured on a Bruker AV-400MHz
spectrometer at ambient temperature at the Leiden Institute of
Chemistry NMR facility. Electrospray LC-MS analysis was performed
on a PE SCIEX: API 3000 LC/MS/MS system using a Gemini 3u C18
110A analytical column (5u particle size, flow: 1.0 ml/mins), on which
the absorbance was measured at 214 and 254 nm. Solvent system for
LC-MS: A: 100% water, B: 100% acetonitrile, C: 1% TFA (aq). TFA (aq).
Fluorophore Alexa Fluor® 488 Azide was purchased from Thermo
Fisher Scientific. Compounds 1 (Alkyne-Cholesterol, Cat No: 700146,
CAS 1631985-09-5, Avanti Polar Lipids), 3 (TopFluor® Cholesterol, Cat
No: 810255, CAS: 878557-19, Avanti Polar Lipids) and 4 (Palmitic acid
(15-yne), Cat No: 900400, CAS: 99208-90-9, Avanti Polar Lipids) were
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commercially available. Compound 2 was prepared in full accordance
with the reported procedure.» Samples were imaged with a Leica TCS

SP8 confocal microscope (63x oil lens, N.A.=1.4).

Flow cytometry-

Flow cytometry assays were performed using the Merck Guava®
easyCyte 12HT Benchtop Flow Cytometer and all flow cytometry data
was analysed using FlowJo™ v10.1 (FlowJo, LLC). Counting and
characterization was performed by measuring 10,000 events in
triplicate and concatenation of this data. For manual gating, the
outermost ring of the dot plot was selected. Quadrants were manually

selected to illustrate fluorescence plots.

Co-culturing BMDC with naive T cells

All mice were bred and maintained under specific pathogen-free
conditions under protocols approved by the Animal Welfare
Committee of the Max Planck Institute of Immunobiology and
Epigenetics, Freiburg, Germany. Mice used in all in vitro and in vivo

experiments were 6-10 weeks of age and were age/sex matched.

Bone marrow derived dendritic cells (BMDC) were generated from 6
mice bone marrow. Bone marrow was flushed from femurs and tibia
and cells were cultured in a complete RPMI supplemented with 8%
heat-inactivated foetal calf serum, 20 uM 2 Mercaptoethanol, 2 mM
glutamax, 50pug/mL streptomycin and 100 LU./mL penicillin and in
the presence of 20ng/mL GM-CSF (Peprotech, cat #315-03-250).
Medium was replaced on day 3 of culture and the cells were used

between day 6 and 7.
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Spleens were isolated from the same mice and single-cell suspensions
prepared by filtering through a 70 um filter, followed by red blood cell
lysis (RBC Lysis Solution, Qiagen). For the T-cell stimulation, 5 ug/mL
aCD3 (BioXCell, clone 17A2, BE0002) in PBS were used. Thereafter
aCD28 was added, at 0.5ug /mL(BioXCell, clone 37.51, product
number BE0291). Human IL-2 was used at a final concentration of 100
U/mL (Peprotech, cat #200-02-1000).

Splenocytes were then incubated with lipids 1, 2, 3 and 4 (final
concentration 10 uM) for 24 hours. The cells were washed and co-
cultured with BMDC for 48 hours, before being collected and labelled
with a live/dead dye, antibody surface staining (CD11c for BMDC and
CDS for T cells), and after PFA 1% fixation, with CuAAC (for the cells
treated with lipids 1, 2 and 4). The click solution comprised of 1 mM
CuSO4, 100 uM TTMA [(Tris((1-((O-ethyl)carboxymethyl)-(1,2,3-
triazol-4-yl))methyl)amine] ligand, 2 mM sodium ascorbate and 2 pM
Alexa Fluor® 488 azide (Invitrogen). After 20 minutes, the cells were
washed three times with PBS, prior to incubation with 3% BSA (bovine
serum albumin) for 30 minutes to remove unreacted fluorophore. The

cells were then washed and flow-cytometry was performed.

Co-culturing BMDC with OT-I T cells (SINFEEKL)

Immature dendritic cells were obtained from the bone marrow of 12-
week-old C57BL/6 mice under specific pathogen-free conditions. The
mice were euthanized by cervical dislocation; bone marrow of tibiae
and femurs was flushed out and washed with PBS. Cells were grown
in dendritic cell selection medium (IMDM containing granulocyte-
macrophage colony stimulating factor (GM-CSF) (2:1 v/v) containing
8% FCS, penicillin/streptomycin (100 units/mL), glutamax (2 mM)

and p-mercaptoethanol (20 uM). The cells were incubated in non-
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adhesive petri dishes at 37 °C, 5% CO, under humidified air. Cells
were selected for 10 days (37 °C; 5% CO2) and subcultured every two

to three days before use in the assays.

OT-IT cells were provided by M. Camps (Leiden University Medical
Centre) from OT-I/CD45.1 mice spleen. OT-I cells were labelled with
different lipids (1 Alkyne-Cholesterol, Ch-Alk, Avanti Polar Lipids; 4
palmitic acid (15-yne), Avanti Polar Lipids at final concentration
10 uM) for 24 hours with or without the addition of 10 nM SIINFEKL
(kindly provided by Dr. Joanna B. Pawlak). Cells were washed and
then co-cultured with BMDC for 48 hours. Thereafter cells were
collected and labelled with an antibody surface staining (CD11c for
BMDC and CDS8 for T cells), and after PFA 1% fixation, with CuAAC
(for the cells treated with lipids 1, 2 and 4). The click solution
comprised of 1mM CuSO4, 100puM TTIMA [(Tris((1-((O-
ethyl)carboxymethyl)-(1,2,3-triazol-4-yl))methyl)amine] ligand, 2 mM
sodium ascorbate and 2 uM Alexa Fluor® 488 azide (Invitrogen). After
20 minutes, the cells were washed three times with PBS, prior to
incubation with 3% BSA for 30 minutes to remove unreacted
fluorophore. The cells were then washed and flow cytometry and

confocal microscopy performed.

Transwell assay

Donor T cells were prevented from being in direct contact with BMDC
cells using a transwell 0.4 um-pore membrane (Costar®). Splenocytes
were seeded in a 6-well plate with full RPMI media with the addition
of lipids 1, 2, 3 and 4 and cells incubated for 24 hours at 37 °C. T cells
were washed and then re-suspended in DMEM media. Treated T cells
(in 0.3 mL of medium) were added in the upper compartment (done
in 6-well plates) and unlabelled BMDC cells (in 0.5 mL of medium)
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placed in the lower chamber separated from targets. The inserts were
then picked up using gloves and transferred onto the top of the
unlabelled BMDC cell culture with the addition of 2 ml of fresh media
into the inserts. The cells were incubated for 48 hours at 37 °C. Cells
were then collected and labelled with a live/dead dye, antibody
surface staining (CD11c for BMDC and CDS8 for T cells), and after PFA
1% fixation, with CuAAC (for the cells treated with lipids 1, 2 and 4).
The click solution comprised of 1 mM CuSO4, 100 uM TTMA [(Tris((1-
((O-ethyl)carboxymethyl)-(1,2,3-triazol-4-yl))methyl)amine]  ligand,
2mM sodium ascorbate and 2puM Alexa Fluor® 488 azide
(Invitrogen). After 20 minutes, the cells were washed three times with
PBS, prior to incubation with 3% BSA for 30 minutes to remove
unreacted fluorophore. The cells were then washed and flow-

cytometry was performed.

Synthesis of cholesterol propiolic acid (O-Chol) (2)

Cholesterol propiolic acid (2) was synthesised in full accordance with
the reported procedure.» A solution of DMAP (0.01 eq) and DCC (1 eq)
in dichloromethane was added slowly over 30 minutes by syringe to a
solution of propiolic acid (1 eq) and a cholesterol (1.1 eq) in
dichloromethane at 0 °C to give a dark reddish suspension. The
mixture was allowed to stir at room temperature until the acid was
consumed (determined by TLC). Upon completion, the mixture was
filtered through a layer of celite, the filtrate concentrated in vacuo. The
crude product was purified by column chromatography (Rf=0.5,
hexane /EtOAc 9:1) to afford 2 as a yellowish solid (40%). 1H NMR
(300 MHz, CDCL,): d=5.4 (d, 1H), 4.70 (dd, 1H), 2.80 (s, 1H), 2.40 (dd,
2H), 2.00-0.80 (m, 38H), 0.7 ppm (s, 3H); LC-MS (ESI): m/z calcd for
C,H.O.: 439.35 [M+H]+; found: 439.36.
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In vitro supramolecular modification of L-form
bacteria using lipidated coiled-coil peptides

5.1 Introduction

The biotechnology industry enjoys more success and influence than
ever before.: Biotechnological innovations and discoveries help to
improve the quality of life worldwide. Industrial biotechnology uses
microorganisms to produce chemicals, materials and energy.» One of
the most important producers are actinomycetes, which are best
known for producing a plethora of useful compounds.» Among them
are about two-thirds of all antibiotics that are used in the clinic, as well
as various antifungals, anthelmintics and anti-tumour agents.» Despite
this vast arsenal of useful metabolites, we are facing a massive
challenge concerning the alarming increase in the number of bacteria
that have become insensitive to virtually all antibiotics.» Therefore,
there is a need to find new antimicrobials and new biotechnological

production methods. For example, elimination of the cell wall could
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increase the secretion of proteins and prevent the synthesis of cell-wall
fragments which can have toxic immune-stimulatory effects..== This
has also spurred interest in finding new compounds in numerous
ways, for instance by isolating compounds from untapped sources,
or by cultivating different organisms together.« The latter could induce
activation of biosynthetic gene clusters that are otherwise inactive.
Co-cultures could potentially also lead to novel chemical structures
due to the combined biochemical activity of the organisms that grow
together. However, finding suitable conditions for co-culturing can be
problematic and time-consuming when more than two different

organisms are involved. This severely limits its use on a large scale.

An attractive alternative to synthetic communities is to create synthetic
hybrid cells, which contain chromosomes of different organisms
equipped with a multitude of biosynthetic gene clusters. One factor
that makes a fusion between cells complicated is the presence of the
cell wall, which envelopes bacteria and protects them from harsh
environmental conditions. In theory, protoplasts, which are generated
by enzymatically degrading the cell wall, could be used. Indeed,
protoplast fusion has been used in the past in classical strain crossing
approaches but is limited to closely related species. Furthermore,
protoplasts are intrinsically unstable and will immediately regenerate
a cell wall, thereby effectively making them fusion-incompetent.~» A
better alternative would be to use cells that can indefinitely propagate
without their cell wall. This alternative dramatically increases the time
and thus likelihood for fusion to take place. These variants, called L-
forms (or L—phase, L—phase bacteria, or cell-wall-deficient bacteria
(CWD), have been generated from a broad range of bacteria, including
the antibiotic-producing actinomycetes, by inhibiting crucial steps in

the biosynthesis pathway of the cell wall (Figure 1).s=» L-forms
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morphology is adaptable and allows cells to surpass environmental
difficulties, for example, hyperosmotic stress conditions or treatment
with antibiotics.» The complete absence of the cell wall has critical
physiological consequences: like protoplasts, L-form cells are highly
sensitive to osmotic changes and require high levels of sucrose for
osmoprotection. Additionally, the proliferation of such L-form cells no
longer depends on the highly organised cell-division machinery, but
is based on simple biophysical principles.»= Claessen et al. have
expanded on this research by providing proof that cell-wall-deficient
strains can propagate solely under hyperosmotic stress conditions.:
This evidence is a milestone for the environmental relevance of such
bacteria. As a result, these cells have been suggested to resemble

primordial life forms that existed well before the cell wall evolved.

Cell-cell fusion can be achieved by a variety of approaches, including
chemical, biological and physical methods.> Membrane fusion is a
controlled process in nature and shows a broad variety, from viral and
eukaryotic to extracellular fusion, and is regulated by a variety of
functional proteins.» Previously, fusion of plant protoplasts was
induced by polyethylene glycol (PEG)" and since then it has been
applied in many different applications including mammalian-cells
fusion for the development of hybridomas, albeit with very low
efficiency.» During neuronal exocytosis, transport vesicles are being
docked to the plasma membrane by the formation of coiled-coils
within complementary SNARE protein subunits, located on the cell
membrane.»» Moreover, SNARE proteins have been associated with
the formation of autophagosome and also have been identified
between mammalian and fungus cells.~ Additionally, SNARE proteins
function in the processes of small shuttling vesicles like neuronal

exocytosis, or bigger transport containers such as the proenzyme
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granules of pancreatic cells. In this process, complementary SNARE
protein subunits present on opposing membranes assemble into an
interacting structure by coiled-coil formation.=* As a result this
assembly drives the facing cell membranes into close proximity,

resulting eventually in lipid mixing and associated content transfer.

The application of supramolecular concepts in vitro and in vivo in order
to study the impact in biological processes is relatively new. One
approach includes chemically adjusted systems being inserted into cell
membranes in order to modify or regulate cellular behaviours via
external synthetic signals.s Lipidated peptides have been used
extensively in biological systems because their behaviour can be
carefully regulated by modifying the cargo’s hydrophilicity and the
anchor’s hydrophobicity resulting in membrane incorporation.»
However, typically, this procedure disrupts normal cell function of the
resulting hybrid cells, and the number of surviving cells is very low.
To overcome this barrier, a simple and straightforward biomimetic
model system inspired by the eukaryotic SNARE proteins was used.
Many different synthetic systems have been designed in order to
imitate membrane fusion. However, the essential characteristics of
natural membrane fusion are not always achieved; for example
coupled surface recognition, helical coiled-coil formation and
disruption of the contact site which is followed by fusion; i.e. content
and lipid mixing.=» An entirely artificial membrane fusion system
which retains the essential characteristics of SNARE-mediated fusion
has been designed by the Kros laboratory and consists of a pair of
lipidated coiled-coil peptides (Scheme 1)+« In this system, the
complementary lipid-peptide conjugates (CPK. and CPE) are
comprised of the peptides K. [(Lys-Ile-Ala-Ala-Leu-Lys-Glu).] and E.
[(Glu-Tle-Ala-Ala-Leu-Glu-Lys).], which are linked via a polyethylene
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glycol (PEG) spacer to a cholesterol moiety (Scheme 2). As a result
these lipidated peptides readily insert into the membrane bilayer due

to the hydrophobic cholesterol anchor (Scheme 1).¢

Peptide K PEG  Cholesterol

AN NS 9 e
CPE V@ CPE-FL
PeptideE  PEG  Cholesterol —

EfL wwv%yi

Peptide E FI i D)

eptide uorescein CPK E-FL
—_— —

CPEFL S~ A A ARMAAA §4 f

v/

Cholesterol  PEG Peptide E  Fluorescein

Scheme 1 A peptide-mediated model system for membrane fusion. (A) The
coiled-coil structure of peptides E and K (adapted from PDB 1UOI), the lipidated
peptides CPE and CPK, fluorescently labelled peptide E-FL and the fluorescently
labelled lipidated peptide CPE-FL. (B) Targeted L-form bacteria fusion mediated by
coiled-coil formation between CPE modified L-forms and CPK modified L-forms.
While the two populations are mixed (left), coiled-coils are formed between the two
complementary peptides (middle), and cell fusion occurs (right). (C) Insertion of
fluorescently labelled lipidated E peptide (CPE-FL) into plain alpha L-form bacteria
membrane. (D) CPK inserts into plain alpha L-form bacteria membrane, and coiled-
coil is formed with the fluorescently labelled peptide E. (Images are not to scale)
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Scheme 2 Synthetic procedure of lipopeptide CPE-FL (A) and CPK (B). (A) Reagents
and conditions: a) (1) Resin deprotection using 20% piperidine in DMF, rt, 30 mins;
(2) Fmoc-Lys(mmt)-OH, HOBt, DIC, DMF, overnight, rt; b) solid phase peptide
synthesis; ¢) Fmoc-PEG.-COOH, HOBt, DIC, DMF, overnight, rt; d) (1) 20%
piperidine in DMF, rt, 30 mins; (2) cholesteryl hemisuccinate, HOBt, DIC, DMF,
overnight, rt; e) (1) 1% TFA/DCM, rt, 10 mins (3 times); (2) 5(6) Carboxyfluorescein,
HOBt, DIC, DMF, overnight, rt; f) TFA/TIS/H20 (95:2.5:2.5 v/v) for 1.5 h. (B)
Reagents and conditions: g) solid phase peptide synthesis; h) Fmoc-PEG.-COOH,
HOBt, DIC, DMF, overnight, rt; i) (1) 20% piperidine in DMF, rt, 30 mins; (2)
cholesteryl hemisuccinate, HOBt, DIC, DMF, overnight, rt; j) TFA/TIS/H20
(95:2.5:2.5 v/v) for 1.5 h.

In this chapter a supramolecular approach was applied to induce
coiled-coil formation at the surface of L-form bacterial membranes
(Scheme 1). In turn this allows an extensive variety of molecules to be
conjugated onto the L-form outer surface via noncovalent interactions.
In the first step, the lipidated coiled-coil peptides CPE/CPK insert
immediately into the cell membranes due to the cholesterol moiety via
hydrophobic interactions while the PEG, spacer provides the sufficient
flexibility which is needed to facilitate potent molecular recognition
between the two complementary coiled-coil peptides. For this, a
solution of the cholesterol-modified peptide E or the cholesterol-
modified peptide K was added to L-forms, resulting in the
spontaneous integration of these peptides into the L-form membrane.
In the second step, the complementary coiled-coil peptide was added

resulting in coiled-coil formation.

This chapter presents evidence — for the first time — of surface
modification of living L-form cells, as a first step towards to L-form
fusion, using cell-compatible coiled-coil peptides. L-form modification
resulting in fusion will enable the study of fundamental questions
related to the origin of cellular complexity, regeneration of different

actinomycetes, and strain improvements.
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5.2 Results and discussion

Initially, testing was done to ascertain whether the L-form bacterial
membrane incorporates cholesterol-modified coiled-coil peptides. In
order to demonstrate coiled-coil formation at the surfaces of L-form
bacteria, the ability of the cholesterol moiety to insert into the L-form
membrane was investigated. Alpha L-forms (wild-type non-
fluorescence L-forms (1000 cells/ u L) derived from actinomycetes)
were incubated for 30 minutes with carboxyfluorescein-labelled CPE
(CPE-FL) at a final concentration of 5uM. Subsequently, confocal
microscopy and flow cytometry were used to visualise and quantify
CPE incorporation within the treated cells. As expected, L-forms
became highly fluorescent, indicative of successful CPE-FL

incorporation (Figures 1 and 2).

Figure 1 Confocal microscopy images (fluorescence, bright field) of alpha L-forms
cells. The L-forms were treated with 5 um final concentration of fluorescently labelled
CPE (CPE-FL) at 37 °C. After 30 mins confocal microscopy images were taken. Scale

bar: 10 um.
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An investigation was then undertaken into whether the peptides at the
L-form surface were accessible for coiled-coil formation with
complementary peptide K. For this, alpha L-forms were incubated
with fluorescent coiled-coil peptides in the presence or absence of a
cell membrane anchor. A 5 uM CPK solution was added to L-forms for
30 minutes and unbound CPK was removed by washing the L-forms.
The L-forms were then incubated for 10 minutes with a 10 uM solution
of carboxyfluorescein- labelled peptide E (FL-E). After three washing
steps in order to remove any free FL-E, confocal microscopy and flow
cytometry were used to visualise and quantify the efficiency of
modification of the treated cells. As expected, the membrane of the L-
forms was highly fluorescent, indicating that the CPK was successfully
incorporated. When addition of CPK to L-forms was omitted, no
fluorescence could be observed (Figure 2A). This confirmed successful
coiled-coil formation between the CPK inserted into the L-form
membrane and peptide FL-E. Furthermore, the reversed path also
resulted in coiled-coil formation by first adding lipidated peptide CPE
to the L-forms, followed by incubation with the fluorescently labelled
peptide K (FL-K) (Figure 2A).
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Figure 2 Alpha L-form bacteria incubated with different types of fluorescent peptides.
(A) Flow cytometry indicates coiled-coil labelling of L-form membrane. (B) Confocal

5 1m). The assay was set up in triplicate. Data are represented as median = SD. Error
bars SD; *p < 0.05; **p < 0.01; ***p < 0.001.

Thus, the membranes of cell-wall-deficient bacteria can be modified by
this system without using complicated and time-consuming protocols
such as protein engineering.== Not only can the required coiled-coil
peptides be synthesised within a day but this overall supramolecular
approach for cell membrane modification is also fast. To date, the exact
membrane composition of L-form bacteria is not known, and
membrane biophysics could influence the lipid insertion. However, L-
forms treated with either CPK-FL or CPK/FL-E showed around
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1.5-fold higher fluorescence intensity than the respective L-forms
which were treated with CPE-FL or CPE/FL-K (Figure 2A). This flow
cytometry analysis seems to indicate that the membrane composition
favours the positively charged peptide K over the negatively charged
peptide E. Nevertheless, more studies are needed in order to clarify
the individual behaviour of these coiled-coil peptides at the L-form

surface.

These initial studies demonstrated the formation of coiled-coils at the
surface of L-form bacteria by directly adding a cholesterol peptide-
conjugate in the L-Form bacteria medium, followed by the incubation
with the complementary peptide. This enables the docking of different
molecules and nanoparticles on the surface of bacteria using this
method. Kros et al. have shown that by the formation of coiled-coils
between peptides E and K, 100 nm liposomes can be bound at surfaces
of various materials.» Also, coiled-coils mediate docking of liposomes
on mammalian cells in vitro as well as in vivo on the surface of one-day-
old zebrafish embryos.»«= For this reason, it was interesting to study
whether liposome docking is also possible at a cell-wall-deficient
bacterial membrane. For this, the membrane of L-form bacteria was
functionalised with CPK, and next fluorescent liposomes containing 1
mol% SR-B (sulforhodamine B) and 1 mol% CPE were added for 5-10
minutes. Moreover, in the same set-up, in order to accelarate the
liposome-fusion events polyethylene glycol 1000 (PEG1000) was used
as an additional fusogenic agent. It has been reported that during PEG-
induced cell fusion (in concentrations between 30-50% w/w PEG)
polyethylene glycol brings cell membranes into closer distance via
dehydration and redistribution of intramembrane particles (IMPs).=
Viability and fluorescent assays performed showed that concentration

higher than 10% w/w of PEG could influence membrane integrity
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(Figures 4 and 5). Thus, L-form bacteria were either incubated in the
presence or absence of 5% w/w PEG1000 for one hour at 37 :C before
liposome addition. Excess PEG1000 was removed and the cells were

washed three times before the flow cytometry assay (Figure 3).

In this chapter flow cytometry was used to characterize L-form fusion
events and this technique is briefly introduced here. In flow cytometry,
forward scattered light (FSC) is related to the size of the particles, side
scattered light (SSC) to their complexity and granularity.== The small
size of the L-forms could pose a limitation for flow cytometry
examination, mainly because of the difficulty to distinguish between
cellular debris and small cells. Both fluorescence and forward scatter
were used as dual trigger signals in order to successfully deal with this
problem.ss The properties measured include a particle’s relative size
(SSC-A vs. FSC-A), relative granularity (SSC-A vs. FSC-A) and relative
fluorescence intensity. FSC presents an appropriate method of
recognising particles greater than a given size without taking into

consideration their fluorescence. s=

Flow cytometry data from the L-form/liposome-docking assay
revealed that the L-form bacterial membranes became fluorescent
(Figure 3). In a control experiment, CPE liposomes were added to non-
treated L-forms (i.e. no CPK pre-incubation) and, as expected, no
fluorescence was observed (Figure 3). This confirms that using a
complementary coiled-coil pattern, liposomes can be docked
efficiently at the membranes of L-form bacteria. However, it was

difficult to distinguish docking from fusion.
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Figure 3 Flow cytometry shows liposomes docking at the surface of L-form bacteria.
CPE-decorated liposomes (total lipid concentration 0.25 mM with 1 mol% lipidated
peptide CPE) loaded with 20 mM sulphorhodamine (SR-B) were added to the L-forms,
without prior addition of CPK peptides. L-forms were treated with 5 uM final
concentration of lipidated peptide CPK and were incubated for 5 mins. Subsequently,
lipidated CPE-decorated liposomes (total lipid concentration 0.25 mM with 1 mol%
lipidated peptide CPE) loaded with 20 mM sulphorhodamine (SR-B) were added to
the L-forms. The L-form bacteria were incubated with or without 5% w/w PEG1000
for 1 hat 37 °C, before the excess PEG1000 was removed. All the experiments were
performed at 37 °C.
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Next, the viability of modified L-forms as well as the effect of
polyethylene glycol 1000 (PEG1000) on L-form/L-form fusion was
examined. For this, fluorescent derivative L-form strains constitutively
expressing green fluorescent protein (eGFP) were created. The L-forms
were incubated together with different concentrations of PEG1000 (0,
5,10 % w/w) for one hour at 37 °C (Figure 4). Excess PEG1000 was
removed and the L-forms were studied with confocal microscopy and
flow cytometry measurements. This showed that 10% w/w PEG1000
disintegrates the L-form membrane resulting in loss of fluorescence
(Figures 4 and 5A). In a separate experiment, L-form bacteria were
treated with coiled-coil peptides and incubated together in the
presence of different concentrations of PEG1000 (0, 5, 10 % w/w).L-
forms were then plated on solid 1-phase medium (LPMA) and it was
observed that some of the cells generated colonies, implying that these
L-forms can proliferate (Figure 5). In addition, a live/dead viability
assay was applied in order to visualise the viability of treated L-forms
as an outcome of their membrane integrity. L-forms with an intact
membrane will stain green (Cyto9, Figure 6), whereas dead or dying
L-forms with a damaged membrane will stain red (PI). 10% w/w of
PEG1000 dissociated the L-form membrane resulting in PI staining,
whereas only Cyto9-labelled L-forms were observed when 5% w/w
PEG1000 was used instead. In summary, this study showed that L-

forms can proliferate after membrane modification.
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Figure 4 Confocal microscopy images indicate that a high concentration of PEG1000
is dissociating the L-form membrane. GFP expressing L-form bacteria were treated
with different concentrations of PEG1000 (0, 5, 10 % wfw) for 1 h at 37 °C. The

excess PEG1000 was removed before confocal microscopy. Scale bar: 15 1 m.
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Figure 5 Flow cytometry and agar plates assay indicate that a high concentration of
PEG1000 is dissociating the L-form membrane. (A) GEP expressing L-form bacteria
treated with different concentrations of PEG1000 before confocal microscopy. (B)
Agar plates with treated L-form bacteria showed the effect of PEG1000 on their
viability. L-form bacteria were treated with coiled-coil peptides and were then
incubated together with different concentrations of PEG1000 (0, 5, 10 % w/w) for 1 h
at 37 °C. The excess PEG1000 was removed. L-form bacteria were plated on agar
plates in order to observe colony formation.
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Figure 6 Confocal microscopy images indicate that a high concentration of PEG1000
is dissociating the L-form membrane. Viability labelling analysed with confocal
microscopy using SYTOI/PI. Fluorescence images of the same samples at 528 nm for
SYTO9 signal (green) and 645 nm for PI signal (red) are shown. L-form bacteria were
labelled with PI and SYTOY. L-form bacteria were treated with coiled-coil peptides
and were then incubated together with different concentrations of PEG1000 (0, 5, 10 %
wfw) for 1 h at 37 °C. The excess of PEG1000 was removed. Dead L-form bacteria

exhibit yellow or red fluorescence. Arrows point L-form bacteria. Scale bar: 10 1m.
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Next, a study was undertaken to ascertain whether the lipopeptides
CPE/CPK could induce L-form fusion using flow cytometry in
combination with confocal microscopy, as PEG-induced L-form fusion
is inefficient. Genetically modified L-form strains constitutively
expressing either mCherry or eGFP were created for this experiment.
Next, mCherry- and GFP-expressing L-forms were incubated with
10 uM of the lipidated coiled-coil peptides CPK and CPE respectively
for 30 minutes, and any unbound lipopeptide was removed by
washing the L-forms with media. In order to minimise L-form
disruption during the washing steps, the cultures were collected and
centrifuged at 2000 g for five minutes. Afterwards, the supernatant
was carefully removed by decantation to avoid disturbance of the cells,
and the cells resuspended in fresh LPB. These mCherry and GFP L-
forms were mixed and incubated with concentrations of PEG1000 (0 or
5 % w/w) for one hour at 37 °C. Excess of PEG1000 was removed by
centrifugation twice and replaced with fresh LPB media. Wojcieszyn
et al. observed that fusion event occurs at PEG concentrations around
50% w/w.= Therefore, as a positive control, L-forms were incubated
with 50% w/w PEG1000 (Figure 7). In this experiment, L-form
aggregation was observed by confocal microscopy and flow cytometry.

Unfortunately, fused L-forms were not observed.
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Figure 7 Cell-cell fusion using CPE/CPK-mediated coil-coil formation combined with
5% PEG1000. L-forms were incubated in the presence of 5% PEG1000 without
lipopeptides (A) or with 10 uM lipopeptides (B). GFP expressed L-forms were
decorated with CPE and, upon mixing, mCherry expressed L-forms were decorated
with CPK. Scale bar: 10 um.

Based on the light scattering characteristics, different populations of L-
form bacteria were detected in the flow cytometry experiment:
unfused/singlets, doublets/aggregates or fused cells. Singlets or
aggregates of L-forms can be distinguished by their intrinsic
characteristics. Flow cytometry results showed that there is a
distinction between the effects of PEG1000 and coiled-coil
modification (Figure 8). However, it was challenging to distinguish
between fused with aggregated L-forms. It was assumed that PEG1000
induces aggregation and/or fusion of L-form bacteria, while the
addition of lipidated coiled-coil peptides enhance the fusion (or

aggregation) efficiency 3-fold. However, more control experiments are
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required to confirm that L-form fusion occurred. For example, the
effect of different salt concentrations or higher concentrations of
coiled-coil peptides, with different PEG spacers and/or lipid moieties
could have a more significant effect on L-form fusion. Moreover, as the
molecular weight of polyethylene glycol (PEG) has a different effect
on membranes*, PEG with different molecular weights; (i.e. 400 Da,
6000 Da and/or 20000 Da) could be used as polymeric additives.
Alternatively, antibiotic-resistant L-forms could be created and a dual-
antibiotic selection applied to screen for fused L-forms.

A No CC E4/K4 E3/K3
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Figure 8 Quantification of L-form fusion using flow cytometry. (A) Dot and contour
plots of windows and gating strategy used for the identification of unfused singlets
or doublets of L-forms present in the L-form population. The percentages indicate the
relative amount of gated L-forms (Singlets, Doublets, Fused). (B) Plots of flow
cytometry analyses showing the number of L-forms from the tail-end of FSC(H)-
FSC(A) plots (potentially fused) depending on the concentration of PEG1000 and
different coiled-coil peptides. The assay was set up in triplicate. Data are representing
as percentage + SD. *p < 0.05; *p < 0.01; **p < 0.001
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5.3 Conclusions

A tool to modify the surface of L-form bacteria quickly and effectively
was developed. A supramolecular method was used, with a
complementary coiled-coil-forming peptide pair, in order to
functionalise the membranes of L-form bacteria. Liposome docking
tests proved that this approach can also be used to bind a wide variety
of materials /molecules on the L-form membrane. This generic method
demonstrates that living L-form bacteria can efficiently be aggregated
using a combination of SNARE protein mimics and PEG1000. It is
expected that PEG1000 may promote the initiation of the fusion event
by membrane dehydration, after which the coiled-coil peptides could
facilitate the actual membrane fusion event. Because of the small size
of the bacteria as well as light scattering limitations, it was difficult to
distinguish aggregated from fused cells. To overcome these limitations
in this experimental set-up, a double antibiotic selection assay could
be designed to select for fused L-forms. Additionally, coiled-coil
peptides with different PEG-spacers, different peptide length or lipid
moieties might have a positive effect in L-form bacterial fusion. It is
expected that this method will be able to induce fusion between L-
form cells of distinct species, whereby the chemistry of two living cells
is merged into a new cell. Successful fusion and regeneration of
different actinomycetes strains at high frequency would facilitate the

discovery of new antibiotics and microbial strain improvement.

113



Chapter 5

5.4 Experimental methods

Method and materials

Rink amide resin, Fmoc-protected amino acids, and 2-(6-Chloro-1-H-
benzotriazole-1-y1)-1,1,3,3-tetramethylammonium
hexafluorophosphate (HCTU) were purchased from Novabiochem.
Trifluoroacetic acid (TFA), piperidine, diisopropylethylamine
(DIPEA), N-methyl pyrrolidine (NMP), acetic anhydride, acetonitrile
and dimethylformamide (DMF) were obtained from Biosolve.
Triisopropylsilane (TIS), dichloromethane (DCM), diethyl ether,
trimethylamine (TEA), cholesterol, succinic anhydride and
sulforhodamine B were obtained from Sigma—Aldrich. 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-glycerol-3-
phosphatidylethanolamine (DOPE) were purchased from Avanti
Polar Lipids. Cholesteryl hemisuccinate and 5,6-Carboxyfluorescein
were obtained from Sigma-Aldrich. The Fmoc-Lys(MMT)-OH was
purchased from VWR. The Fmoc-NH-(PEG).-COOH spacers were
purchased from Iris Biotech. PBS buffer contains 15 mM KHPO,
150 mM NaCl, 5 mM KH.PO, and has pH 7.4. The polyethylene glycol
1000 (PEG1000) was purchased from Merck Millipore.

Preparation of L-forms’

Bacterial strains (actinomycete Kitasatospora viridifaciens) used in this
study were obtained from the Claessen Lab.: To support growth of cell-
wall-deficient (CWD) cells, strains were grown on solid medium L-
phase medium (LPMA), containing 20% sucrose, 0.5% glucose, 0.5%
peptone, 0.01% MgSO4-7H20, 0.5% yeast extract, 0.75% Iberian agar
(all w/v). After autoclaving, the medium was supplemented with
MgCl, (final concentration of 25 mM) and 5% (v/v) horse serum. L-
phase broth (LPB) was used as a liquid medium to support the growth
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of wall-deficient cells. LPB contains 0.25% bacto-peptone, 0.15% yeast
extract, 0.15% oxoid malt extract, 0.64 M sucrose, 0.5% glucose, 1.5%
oxoid tryptic soy broth powder (all w/v) and 25 mM MgCL.. Cultures
were incubated at 30 °C while shaking at 100 rpm.-

1¥10- L-forms/ml with mCherry (red-fluorescent protein) expressed
were incubated with 10 uM CPK, and 1*10- L-forms/ml with GFP
(green-fluorescent protein) expressed were incubated with 10 yM CPE
for 30 minutes, then modified L-forms were washed with medium
twice for, followed by the addition of 50% w/w PEG1000 stock
medium, and medium results in L-forms incubated with different
concentrations of PEG1000 (0%, 5%, 10% w/w).

Confocal microscopy imaging

L-forms were seeded in an 8-well slide (u-Slide 8 well; Ibidi, Munich,
Germany) at a density of 1105 L-forms per well in LBP. The
fluorescent images were obtained using a Leica TCS SPE confocal laser
scanning microscope (Leica Microsystems, Wetzlar, Germany) and
analysed using the Image] software (National Institutes of Health,
Bethesda, MD, USA). The wavelength settings for GFP and mCherry
were Ex/Em: 488/510 nm (Ex laser: 488 nm) and 585 /610 nm (Ex laser:
532 nm), respectively.

Flow cytometry-=
L-forms were treated with 10 yM CPE/CPK peptides for 30 minutes,

followed by two washing steps. In each washing step L-form cultures
were collected and centrifuged at 2000 g for 5 minutes, before the
supernatant was carefully removed by decantation and cells
resuspended in fresh LPB. Then lipid-modified L-forms were
incubated with different concentrations of PEG1000 (0%, 5%, 10%
w/w). CPE-modified L-forms and CPK-modified L-forms were mixed

and co-cultured for one hour at 37 °C. Flow cytometry assays were
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performed using the Merck Guava® easyCyte 12HT Benchtop Flow
Cytometer and all flow cytometry data were analysed using FlowJo™
v10.1 (FlowJo, LLC). Counting and characterization were performed
by measuring 30,000 events in triplicate and concatenation of this data.
For manual gating, the furthest ring of the dot plot was selected.
Quadrants were selected manually to depict fluorescence plots.

Compensation was not required.=»

Any granular material inside the cell, cell shape and surface, as well as
the nucleus are the main factors that can affect light scattering.==A
heterogeneous cell population was differentiated using correlated
measurements of side-scattered light (SSC) and forward-scattered
light (FSC). The former is comparable to cell internal complexity or
granularity, whereas the latter is comparable to the cell-surface area or

size.=

Peptide synthesis

The cholesterol-modified peptides were synthesised as described
elsewhere.: An automatic CEM peptide synthesiser on a scale of
250 uM was used for the synthesis of peptides K, (KIAALKE), and E,
(EIAALEK). For the synthesis, Fmoc chemistry was applied, and rink
amide resin with a loading of 0.69 mmol/g was used. Amino acid
couplings were performed with 4 eq of the appropriate amino acid, 4
eq of the activator HCTU and 8 eq of the base DIPEA. Fmoc
deprotection was performed with piperidine: DMF (4:6 v/v).
Synthesis of fluorescently labelled peptides was performed on rink
amide resin. After initial Fmoc deprotection using 20% piperidine in
DMEF, Fmoc-Lys (MMT)-COOH was coupled, using 4 eq of DIC and 4
eq of HOBY, for one hour. The resin was used to synthesise acetylated

peptide E and K along with CPE using standard Fmoc chemistry
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procedures described earlier.»««= Next, the side chain Lys(MMT) group
was deprotected using TFA/ DCM (1%) for 10 minutes (3x). The resin
was then neutralised using DIPEA /NMP (10:90 v/v) for 10 minutes
(3x). 5(6)-Carboxyfluorescein (Sigma-Aldrich) was coupled using 4 eq
of DIC, and 4 eq of HOBt dissolved in DMF and coupling was
performed overnight. Fluorescently labelled lipopeptide was cleaved
from the resin by shaking the resin with a mixture of TFA /TIS/H20
(95:2.5:2.5 v/v) for 1.5 hours. The cleavage mixture was precipitated in
cold diethyl ether. The resulting fluorescently labelled crude products
were purified by RP-HPLC using a Vydac C4 reversed phase column
(214TP1022, 22 mm diameter, 250 mm length, 10 1 m particle size).
With a linear gradient from 20% to 80% of acetonitrile in water with
0.1% TFA (v/v) over 36 minutes with the flow of 20 mL/mins, the
crude lipopeptides were eluted. Sample elution was detected by UV
detection at 214 nm and 256 nm. By using LC-MS (Gemini 3 u C18
column coupled with Finningan LCQ advantage max (Thermo) ESI-

MS analyse), the purity of the collected fractions was verified.

CP.K: LC-MS m/z Calcd. [1673.6, M+2H]+, found 1674.0. [1116.1,
(M+3H)], found 1116.5. CP.E.: LC-MS m/z Calcd. [1675.0, M+2H]-,
found 1675.4. [ 1117.0, M+3H)~], found 1117.4. Ac-(EIAALEK).K-
Carboxyfluorescein (FL-E): LC-MS m/z Calcd. [1405.2, M+2H],
Found 1405.6. [ 937.2, (M+3H)], found 937.6. Ac-(KIAALKE)K-
Carboxyfluorescein (FL-K): LC-MS m/z Calcd. [1403.8, M+2H]-,
Found 1404.2. [936.2, (M+3H)-], found 936.6. Cholesterol-PEG12-
(EIAALEK)K-carboxyfluorescein (CPE-FL): LC-MS m/z Calcd.
[1918.1, M+2H]», Found 1918.5. [ 1279.1, (M+3H)>], found 1279.5.
Cholesterol-PEG.-(KIAALKE).K-carboxyfluorescein (CPK-FL): LC-MS
m/z Caled. [1916.7, M+2H]+, Found 1917.1. [ 1278.1, (M+3H)-], found
1278.5.
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Liposome sample preparation

Stock solutions of lipids with total concentration of 1 mM in CHCL
(DOPE/DOPC/CH, molar ratios 2:1:1) and 50 uM peptide (molar ratio
1:1 MeOH/ CHCl) were prepared. The peptide solutions were
prepared by taking the appropriate amount of peptide stock,
evaporating the solvent over a stream of air, adding Hanks’ Balanced
Salt solution (HBSS) followed by sonication for one minute at 55 °C.
The liposomes were prepared by using appropriate amounts of lipid
and peptide stock solutions, evaporating the solvent over a stream of

air, adding HBSS and sonication for one minute at 55 °C.
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In vivo and in vitro evaluation of a phospholipid
ether analogue for the detection of tumours

6.1 Introduction

A primary goal in cancer research is the specific targeting and delivery
of therapeutic agents or diagnostic imaging tools to tumours
overpassing healthy tissues. Methods to achieve this goal are focusing
on agents and tools already in development or approved, which target
cell membrane. A wide variety of tumour-targeting methods has been
developed based on nanoparticles, peptides, antibodies and viruses to
deliver different cargos to cancer cells, for example imaging agents,
radioactive isotopes and drugs. To date, the available tools for cancer
therapy can be placed in two categories: on the one hand are aspecific
tools available for a wide variety of cancer types; i.e. radiation, surgery
or chemotherapeutic drugs. On the other hand are cancer-specific tools

based on the expression of genetic drug-targets in cancer cells
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compared to healthy cells. Examples of the latter approach are
targeting the epidermal growth factor receptor (EGFR) or the
Philadelphia chromosome (BCR-ABL fusion).» In the clinic, many
cancers reappear despite the advancement of novel treatments. Recent
studies have shown that the cancer reappearance most likely occurs
due to the cancer-cell resistance to the known therapies.~ In addition,
an ideal therapeutic model should eliminate the side effects on the
healthy cells and incorporate cancer selectivity with an extensive

anticancer mechanism.

In the late 1960s Snyder et al. performed an evaluation of the lipid
composition of normal and neoplastic tissues.=* These studies revealed
that large quantities of ether lipids were found to be present in both
animal and human tumour tissues. In the early 1980s, follow-up
studies showed that cancer tissues expressed lower amounts of the O-
alkyl glycerol monooxygenase enzyme AGMO (EC 1.14.16.5),” which
could result in the accumulation of ether lipids in the membrane of
hepatomas cells.: Subsequent studies in the early 2000s have shown
that specific phospholipid ether (PLE) analogues which are not
substrates for AGMO, also accumulate in breast, colon and pancreas

tumours.¥=
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Figure 1 Structures of phospholipid ether analogues (alkylphosphocholines; APC).
A novel therapeutic platform is based on phospholipid ether analogues. Cellectar
Biosciences has developed a phospholipid ether analogue-based platform that is
currently being investigated for diagnostic and therapeutic oncologic applications.
CLR1404 as a radioactive compound (=1, 1, or »1), as a fluorescent analog (CLR1501),
or as a near-infrared analog (CLR1502). ~I-CLR1404 is currently under clinical
investigation as a positron emission tomography (PET) tracer. CLR1502 is a near-
infrared fluorescent labelled phospholipid ether analogue being investigated for
regional imaging applications. [Structures reproduced from references: D. A. Deming,
M. E. Maher, A. A. Leystra, ]. P. Grudzinski, L. Clipson, D. M. Albrecht, M. K.
Washington, K. A. Matkowskyj, L. T. Hall, S. ]. Lubner, |. P. Weichert and R. B.
Halberg, PLoS One, 2014, 9, e109668; and A. N. Pinchuk, M. A. Rampy, M. A.
Longino, R. W. S. Skinner, M. D. Gross, ]. P. Weichert and R. E. Counsell, ]. Med.
Chem., 2006, 49, 2155-2165.]
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Due to the avidity of these phospholipid ether analogues to
accumulate in different tumours, they are being studied as therapeutic
and diagnostic tools (Figure 1).-#== Recent studies have shown that the
length of the phospholipid ethers plays an essential role in tumour
docking in rat models. It has been reported by Pinchuk et al. that the
alkyl chain of the PLE should have more than 11 methylene groups,
and analogues with alkyl chain length between C15-C18 have the
optimum tumour uptake in rat prostate cancer models.»» Additionally,
previous studies showed have shown that although the meta-
iodinated alkylphosphocholine NM-324 (Figure 1) was more stable
and giving high tumour uptake, it accumulated in nontarget tissues
including bladder, kidneys and liver.» Therefore, the para-isomer NM-
346 was used instead, which also displayed significant tumour uptake
in vivo. Moreover, the PLE chain can be labelled with different
therapeutic moieties or imaging markers.» The remarkable ability of
specific radioiodinated PLE analogues to be visualised in different
mammalian tumour cells using gamma camera ( Y -camera)
scintigraphy has been extensively described. For example, the
radioisotope-labelled PLE analogue =I-18-(p-iodophenyl)octadecyl
phosphocholine (CLR1404) is being used as a positron emission
tomography (PET) tracer in patients with metastatic colon cancer.»»=
Moreover, the PLE analogue CLR1502 has the same structure as
CLR1404 but is labelled with a near-infrared fluorescent marker and is
under investigation for oncologic imaging application, whereas the
PLE analogue CLR1501 is labelled with a bodipy fluorescent marker
(Figure 1). To date, the reason for the retention of PLE and analogues
in cancer cells remains unknown, and the strategy for designing agents
with such properties has been mostly empirical.== The hypothesis is
that these PLE analogues have an affinity for tumour cell membranes

because of their inability to be metabolised from cancer cells whereas
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they are metabolised in healthy tissues.»= These PLE analogues take
advantage of the lipid composition of cell membrane as ports of entry
into tumours.» This chapter reports on the synthesis of a modified
fluorescent alkyl phospholipid ether analogue and its avidity to
localise in different tumour cell lines in vitro. Moreover, the chapter
describes — for the first time — the in vivo imaging testing of the
modified fluorescent alkyl phospholipid in a zebrafish prostate cancer

model.

6.2 Results and discussion

The synthetic approach taken here for the synthesis of the bodipy-
labelled phospholipid ether analogue was based on the published
procedure of Pinchuk et al.> and the copper(I)-catalysed alkyne-azide
cycloaddition (CuAAC). To improve solubility and due to synthetic
accessibility, the route was modified to include an alkoxy-group in C17
(Scheme 1). The building blocks were chosen based on their
commercial availability of starting materials. Initially, the synthesis
was started by the THP protection of 16-bromohexadecanol 1 to the 2-
((16-bromohexadecyl)oxy)tetrahydropyran 2 as shown in Scheme 1.
Next, the THP-protected halide 2 was further coupled with (4-
azidophenyl) methanol in a Williamson ether reaction. The 16-((4-
azidobenzyl)oxy) alcohol 4 obtained after THP-deprotection. This
alcohol was converted into the corresponding azido-benzyloxy-
alkylphosphocholine 5 according to published procedures.=»
Fluorescent coupling with bodipy-488 was accomplished by a copper-
catalysed cycloaddition method routinely employed in our laboratory

resulting in the bodipy-488-labelled alkylphosphocholine 6.
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Br(CH,);cOTHP
2

a
Br/\/\/\/\/VV\/\/OH —

16-bromohexadecan-1-ol
1

OH —_— OSSN OTHP
) 3

(4-azidophenyl)methanol

Scheme 1 Reagents and conditions: (a) 3,4-dihydro-2H-pyran, PPTS, CH.CL, rt, 5h;
(b) i) NaH, Dry THF, 0 °C, 30 mins; ii) Br(CH2).OTHP (2), TBAL 0 °C, 5 h ; (c)
PPTS, EtOH, 40 °C; (d) i) 2-chloro-1,3,2-dioxaphospholane 2-oxide, EtN, Benzene,
rt, 24 h; ii) MeN, sealed bottle, 80 °C, 24 h (e) bodipy-alkyne, CuSO,, NaASc, tBuOH:
ACN: Water (1/1/1), 60 °C, 24 h.

Following synthesis and purification, the accumulation of the
fluorescently labelled phospholipid 6 was tested in vitro. Weichert et.al
have reported the optimum localisation of CLR1501, a fluorescently
labelled CLR1404 analog in different cancer cell lines (renal, colorectal,
glioma, prostate), obtained after 24 h.» Therefore, three different cancer
cell lines including cervical cancer (HeLa), prostate cancer (PC-3) and
lung cancer (A459) as well as healthy primary dendritic cells (BMDC)
were treated with bodipy-PLE 6 (5 or 10 um final concentration). After
24 hours, confocal microscopy and flow cytometry results showed
specific targeting of cancer cell lines and exceptionally high
accumulation at PC-3 prostate cancer cells in plasma and organelle

membranes (Figure 2).
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Figure 2 Bodipy-labelled alkylphosphocholine 6 accumulates in specific cell line
deposits. Lung (A549), cervix (HeLa), prostate (PC-3) human cell lines and bone
marrow DC were treated with 5 or 10 um final concentration of bodipy-PLE (6) at
37 °C. (A) Confocal microscopy images (fluorescence, bright field) of different cell
lines. Scale bar: 10 um. (B) Flow cytometry indicates a cell-line dependent docking.
The assay was set up in triplicate. Data represented as median + SD. Error bars SD.
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This cell-type dependent accumulation could be explained either due
to different metabolism rates or the specific membrane affinity of the
PLEs in cancer cells. Additionally, the accumulation of the similar
structured =I-18-(p-iodophenyl)octadecyl phosphocholine (CLR1404)
in mice bearing PC-3 prostate cancer xenografts was recently
reported.» Next, the phospholipid ether analogue 6 was tested in vivo
— for the first time — in a zebrafish model (Danio rerio). The zebrafish
model has been studied as a powerful method for research in cancer
biology.»= A wide variety of cancers, for example, breast, colon and
prostate cancer, has been studied using zebrafish embryo xenograft
models.»s An important advantage of zebrafish is their optical
transparency. In this study a prostate cancer PC-3 model provided by
L. Chen et al. was used.»= This embryonic zebrafish cancer model
represents a human tumour cell line that was used to determine the
target (tumour cells) to nontarget ratio of PLE analogue 6. These
xenografts zebrafish were selected randomly. Based on prior studies,
most of the zebrafish were expected to possess prostate tumour. The
median age was two days old. All zebrafish were injected with 6 (1 nl)
based on injected methods routinely employed at our laboratory.«
Zebrafish tolerated this agent well without acute changes in activity or
baseline weight. After one hour, zebrafish were prepared and imaged

using confocal microscopy.

All zebrafish used contained a prostate cancer tumour. The bodipy-
labelled alkylphosphocholine 6 is fluorescent in the FITC range
(excitation 488 nm and emission 525 nm) and accumulation was
quantified. At first, the circulation of the bodipy-lipid was tested in a
wild-type zebrafish (Figure 3). The distribution of phospholipid ether
analogue 6 in the wild-type fish (Figure 3) was examined and one hour

post injection lipid 6 was cleared from circulation, most likely by
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scavenger receptor stabilin-2. Besides, accumulation was observed in
the sinusoidal endothelial cells (SECs) of zebrafish, which are
homologous to mammalian liver endothelial cells.« Therefore, whether
the phospholipid ether analogue 6 targets tumours was tested in the

cancer model.=

Figure 3 In vivo distribution of bodipy-labelled alkylphosphocholine 6. (a) AB/TL
(wild-type) zebrafish 2 days post fertilization (dpf) 1 h post-injection of the bodipy-
labelled alkylphosphocholine 6. Scale bar 100 um. (b) Caudal vein region showing
uptake of bodipy-labelled alkylphosphocholine 6 by sinusoidal endothelial cells (SECs).
Scale bar 50um.

In a following experiment, alkylphosphocholine 6 was injected with
prior administration of dextran sulphate (20 mg/ml) to competitively
inhibit the uptake/ clearance of stabilin-2-receptor(s).» As a result, the
circulation lifetime of the alkylphosphocholine 6 was increased (Figure
4). In this study circulation of 6 was observed without significant
accumulation in surrounding malignant or healthy tissues, therefore
no co-localization between the prostate cancer cells PC-3 (magenta)

and the lipid (green) was observed (Figure 4).
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AB/TL 3dpf
2dpi
DS +

PC3 Pro4 2dpi |—

Figure 4 In vivo distribution of bodipy-labelled alkylphosphocholine 6 in a xenograft
zebrafish model after inhibition of SECs. (a) AB/TL zebrafish (3 dpf) 2 days post
injected (dpi) with PC-3 Pro4 prostate malignant cells, 1 h after injection of dextran
sulphate (DS 20mg/ml) followed by bodipy-labelled-6. Scale bar 100 um. (b) Caudal
vein region showing the tumour cells (magenta) and the circulating bodipy-labelled
6 in green. Autofluorescence present in the eye region. Scale bar 50um.

6.3 Conclusions

An initial study was performed to study whether a modified
phospholipid ether analogue (6) is a potential tool for targeting
prostate cancer membranes in vitro and in a zebrafish xenograft model
in vivo. This phospholipid can be used with current fluorescence
imaging devices to visualise prostate cancer in vitro. For in vivo studies,
a zebrafish xenografts model was used. Moreover, zebrafish
xenografts models are suitable for live cell imaging allowing the
examination of circulation and distribution of labelled compounds in
real time.~ Nonetheless, zebrafish xenografts are considered
complementary to murine models and have physiological and genetic
similarities with humans.=« A statistically significant accumulation of

6 was not noted in the invasive carcinomas as compared with the

132



In vivo and in vitro evaluation of a phospholipid ether analogue for the
detection of tumours

healthy tissues of the zebrafish model. However, further studies
should be made in different cancer models. Moreover, kinetic
experiments and the use of agents that disrupt membranes could
potentially shed some light on the docking mechanism of this ether

phospholipid.
6.4 Experimental methods

Method and materials

All commercially available reagents and solvents were used without
further purification. For “dry” solvents, solvents were dried
accordingly before use over 4A or 3A molecular sieves. Column
chromatography was performed using Merck silica gel 60 (0.040-
0.063 mm). 1H and 13C NMR spectra were recorded using a Briiker
AV-300 (300/75 MHz), AV- 400 (400/101 MHz), AV-500 (500/126
MHz) or AV-850 (850/214). Recorded data were interpreted and
analysed using MestReNova 14 software. Chemical shifts are reported
in ppm ( & ). Synthesis of compounds was performed according to

literature.»

2-((16-bromohexadecyl)oxy)tetrahydro-2Hpyran (2) was synthesised
in full accordance with the reported procedure> A solution of 16-
bromohexadecan-1-ol (500 mg, 1,556 mmol) and 3,4-dihydro-2H-
pyran (1,420 ml, 1556 mmol) in dry dichloromethane (5ml)
containing pyridin-1-ium 4-methylbenzenesulfonate (39,1 mg,
0,156 mmol) was stirred at room temperature for five hours. Then,
hexane was added and the solution washed with water, and dried over
Na.SO4. Flash chromatography in hexanes-ether (30:1) afforded the
product 2-((16 bromohexadecyl) oxy) tetrahydro-2H-pyran (555 mg,
1,369 mmol, 88 % yield) as a white wax. 1TH NMR (400 MHz,
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Chloroform-d) 6 4.57 (t, ] =3.5Hz, 1H), 3.87 (s, 1H), 3.73 (d, ] = 9.4 Hz,
1H), 3.50 (dt, ] = 10.6, 5.0 Hz, 1H), 3.40 (td, ] = 6.9, 1.7 Hz, 3H), 1.85 (dd,
] =10.8, 4.4 Hz, 3H), 1.71 (d, ] = 3.0 Hz, 1H), 1.56 (ddd, ] = 22.0, 10.7,
6.7 Hz, 5H), 1.42 (t, ] = 7.5 Hz, 2H), 1.34 — 1.24 (m, 23H).

2-((16-((4-azidobenzyl)oxy)hexadecyl)oxy)tetrahydro-2H-pyran  (3)
was synthesised in full accordance with the reported procedure.x.
Sodium hydride (57,3 mg, 1,433 mmol) under argon at 0 °C was added
to a solution of (4-azidophenyl) methanol (285 mg, 1,911 mmol) in dry
THF (5 ml). Following stirring for 30 minutes, a solution of 2-((16-
bromohexadecyl) oxy) tetrahydro-2H-pyran (387 mg, 0,955 mmol) in
dry THF (5,00 ml) was cannulated, followed by the addition of
tetrabutylammonium iodide (176 mg, 0,478 mmol). The reaction
mixture was stirred for five hours, before saturated aqueous NH.CIl
solution was added. The mixture was then extracted with EtOAc and
the combined layer was washed with water and brine, dried over
Na.SO4, filtered, and concentrated in vacuo. The residue was purified
by flash chromatography (PS: Et20 150:0, 150:1, 150:3) to afford 440

mg of yellow oil (a mixture of product and unreacted THP-alcohol).

16-((4-azidobenzyl)oxy)hexadecan-1-0l (4) was synthesised in full
accordance with the reported procedure.» In a 25 mL round-bottomed
flask was added 2-((16-((4azidobenzyl)oxy)hexadecyl)oxy)
tetrahydro-2H-pyran (100 mg, 0,211 mmol) and pyridin-1-ium 4
methylbenzenesulfonate (5,31 mg, 0,021 mmol) in ethanol (5 ml) and
the reaction mixture refluxed for 24 hours until TLC showed no
starting material. The reaction was diluted with water (10,00 ml). The
aq layer was extracted with ethyl acetate (10,00 ml) (3 x 10 mL). The
organic layers were combined and washed with brine (10,00 ml) (2 x

10 mL). The organic layer was dried, filtrated and concentrated. Flash
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chromatography in hexane-ethyl acetate (90:10-80:20) afforded the
product (16-((4-azidobenzyl)oxy)hexadecan-1-ol (44 mg, 0,113 mmol,
53,5 % yield) as a white wax. 1H NMR (400 MHz, Chloroform-d) 6
7.26 (d,J=8.4Hz, 2H), 6.93 (d, ] = 8.5 Hz, 2H), 4.39 (s, 2H), 3.57 (s, 2H),
3.38 (s, 2H), 1.98 (s, 1H), 1.52 (s, 4H), 1.25 - 1.13 (m, 24H).

16-((4-azidobenzyl)oxy)hexadecyl  (2-(trimethylammonium)ethyl)
phosphate) (5) was synthesised in full accordance with the reported
procedure.» 2-chloro-1,3,2-dioxaphospholane  2-oxide (53,0 pul,
0,577 mmol) was added to the stirred solution of 16-((4-
azidobenzyl)oxy)hexadecan-1-ol (125 mg, 0,321 mmol) in benzene (10
ml) containing triethylamine (67,0 ul, 0,480 mmol). This was followed
by stirring overnight. The triethylamine hydrochloride salt was then
filtrated, and the solvent evaporated in vacuo. The residue was
transferred into a pressure bottle. A solution of 5 ml trimethylamine
(3813 ul, 16,02 mmol)l in ethanol was added. The bottle was sealed and
heated at 80 °C for 24 hours. The ethanol was then removed, and flash
chromatography in DCM-methanol (gradient from 10:0 to 5:5)
afforded the product (127 mg, 0,229 mmol, 71,5 % yield) as white solid.
1H NMR (300 MHz, Chloroform-d) 6 7.32 (d, ] = 8.1 Hz, 2H), 7.04 -
6.94 (m, 2H), 4.45 (s, 2H), 4.35 (d, ] = 10.1 Hz, 2H), 3.89 (s, 2H), 3.78 (d,
] =7.0Hz, 2H), 3.19 - 3.01 (m, 2H), 2.85 (s, 2H), 2.05 (s, 9H), 1.37 - 1.23
(m, 26H).

16-((4-(4-(3-(5,5-difluoro-1,3,7,9-tetramethyl-5H-414,514-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)propyl)-1H-1,2,3-
triazol-1yl)benzyl)oxy)hexadecyl  (2-(trimethylammonium)ethyl)
phosphate (6). Fluorescent analogue bodipy-alkyne and 16-((4-
azidobenzyl)oxy)hexadecyl (2-(trimethylammonium)ethyl)phosphate
(40 mg, 0,072 mmol) were dissolved in a mixture of tBuOH: ACN:
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water (1/1/1, 2mL), before an aqueous solution of sodium ascorbate
(200 uL, 0.10 mM, 0.15 eq) and an aqueous solution of CuSO4 (200uL 1
0.1 mM, 0.10 eq) were added. The reaction was mixture stirred at 60 °C
for 12 hours, before being concentrated in vacuo. Flash
chromatography in 5% MeOH in DCM afforded the compound as an
orange solid (51 mg, 0,059 mmol, 82%). 1H NMR (850 MHz, Methanol-
d4) § 770 (d,J=7.8Hz, 1H), 744 (d,J=79 Hz, 1H), 726 (d,] = 7.9
Hz, 1H), 6.94 (d, ] = 7.9 Hz, 1H), 4.47 (s, 1H), 4.37 (s, 1H), 3.81 (dt, ] =
37.0,5.7 Hz, 4H), 3.60 (d, ] = 5.4 Hz, 2H), 3.48 - 3.32 (m, 2H), 3.21 (t, ] =
2.7 Hz, 19H), 3.03 - 2.97 (m, 1H), 2.78 (s, 1H), 2.33 (d, ] = 11.5 Hz, 5H),
1.88 (p, ] =7.6 Hz, 1H), 1.66 (hept, ] = 8.6, 8.2 Hz, 1H), 1.51 (dt, ] = 19.9,
6.7 Hz, 5H), 1.24 — 1.13 (m, 27H).). 13C NMR (151 MHz, Methanol-d4)
6 183.54, 176.44, 170.78, 169.71, 166.27, 165.50, 161.19, 159.12, 156.57,
155.27, 154.10, 151.94, 151.20, 149.89, 148.50, 101.74, 101.49, 100.26,
100.00, 96.78, 95.55, 91.45, 78.47, 78.01, 77.87, 77.73, 77.59, 77.44, 77.30,
77.16, 60.95, 60.39, 60.35, 59.39, 59.38, 59.35, 59.31, 59.09, 59.06, 57.65,
55.85, 55.83, 55.50, 54.56, 45.10, 43.01.

Zebrafish intravenous injections

An embryonic zebrafish xenograft model containing prostate human
cancer was developed and provided by L. Chen (Leiden University).»
PC-3M-Pro4-mCherry prostate cancer cells (ATCC; RRID,
CVCL_D579) were incubated at 33 °C for 24 hours prior to injection
into zebrafish embryos. Zebrafish embryos at two days post-
fertilisation (dpf) were immobilised wusing 1.2mM tricaine
methanesulfonate. 250 Dil-labelled prostate cancer cells in a volume of
5 nl were injected into the vein of Cuvier. Following injection, fish were
carefully removed from the agarose/tricaine solution and transferred
individually into 96-well plate imaging chambers created from 1%

agarose using 3D-printed pins.~
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The bodipy-labelled alkylphosphocholine 6 was injected into two- to
three-day-old zebrafish embryos using a modified micrography
protocol.> Embryos were anaesthetised in 0.01% tricaine and
embedded in 0.4% agarose containing tricaine before injection. 1 nl of

the lipid was injected in the common cardinal vein or duct of Cuvier.

Zebrafish imaging

Confocal z-stacks were captured on a Leica TCS SPE confocal
microscope, using a 10x air objective (HCX PL FLUOTAR) or a 40x
water-immersion objective (HCX APO L). Images were processed

using the Image]J.»=

Confocal microscopy imaging

Cells were seeded in an 8-well slide (u-Slide 8 well; Ibidi, Munich,
Germany) at a density of 1*10: cells per well in complete media without
phenol red. Cells were treated with different concentrations (0, 5 and
10 uM) of bodipy-labelled alkylphosphocholine 6 overnight. Before
confocal microscopy, cells were washed three times with PBS and fresh
media. The fluorescent images were achieved using a Leica TCS SPE
confocal laser scanning microscope (Leica Microsystems, Wetzlar,
Germany) and analysed using the Image] software (National Institutes
of Health, Bethesda, MD, USA). The wavelength settings for bodipy-
488 Ex/Em: 488/510nm (Ex laser: 488 nm).

Mammalian cell culture

HeLa (cervix):, A549 (lung)== and PC-3 (prostate)- cells were cultivated
in Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with
10% foetal calf serum, 2 mM L-glutamine, 1% penicillin and 1%
streptomycin. Cells were cultured in an atmosphere of 7% CO.at 37 °C.

The medium was refreshed every two days and cells passaged at 70%
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confluence by treatment with trypsin-EDTA (0.05% trypsin). Cells
were cultured in 25 cmv flasks and split at 70-80% confluence (three
times per week). The flasks were incubated at 37 °C at 7.0% CO.. The
medium was refreshed three times a week. Cells used in all biological
experiments were cultured for a maximum of 8 weeks. Adherent cell
cultures with a maximum confluence of 70-80% were trypsinised and
centrifuged [1.5 mins, 2000/4000rcf (live/fixed cells)], and the cells
were re-suspended using fresh media. 10 u L of cell suspension and
10 u L of trypan blue were mixed and pipetted into a cell counting
slide, and cells were counted using a BioRad TC10 automated cell
counter. The cell suspension was diluted to the appropriate seeding
density. BMDC cells were cultured in IMDM in non-adhesive petri
dishes at 37 °C, 5% CO,, under humidified air supplemented with 8%
heat-inactivated foetal calf serum, 2mM Glutamax, 20 uM B -
Mercaptoethanol, 50 IU/mL penicillin and 50 1 g/mL streptomycin,
and recombinant GM-CSF (20 ng/mL, Peprotech, ref# 315-03) to a

concentration of 0.5 x 106 cells/ mL.

Flow cytometry
Cells were seeded in a 35 mm dish at a density of 5*10- cells per well in

complete media without phenol red. Cells were treated with different
concentrations (0, 5 and 10uM) of bodipy-labelled
alkylphosphocholine 6 overnight. Before flow cytometry, cells were
washed three times with PBS and fresh media. Flow cytometry assays
were performed using the Merck Guava® easyCyte 12HT Benchtop
Flow Cytometer, and all data were analysed using FlowJo™ v10.1
(FlowJo, LLC). Counting and characterization were performed by
measuring 30,000 events in triplicate and concatenation of this data.
For manual gating, the outermost ring of the dot plot was selected.
Quadrants were manually selected to illustrate fluorescence plots. No

compensation was required.
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Summary

This thesis describes approaches to study cell-cell interactions, and
explores the exchange of membrane components. In the first part, the
rate of lipid exchange was studied, both during natural cell-cell
contacts and during prolonged enforced contacts. In the second part,
lipidated coiled-coil peptides were used to study the behaviour and
potential fusogenic behaviour of these compounds on cell-wall-
deficient L-forms of bacteria.

Chapter 2 provides a thorough review of membrane component
exchange in cells as well as chemical approaches to enhance cell-cell
contacts. Examples of mechanisms of intercellular transfer, biological
effects of intercellular membrane component transfer and chemical
strategies to enhance cell-cell contacts are described and their
strengths and limitations discussed.

Components from the cell membrane can relocate between cells both
in vitro and in vivo. This exchange of molecules plays an essential role
in the regulation of cellular interactions and responses to the cell’s
environment. However, the exact mechanism and functional outcome
of these exchanges remain to be elucidated in many cases.

The dynamics and kinetics of membrane compound exchange
critically impacts many different biological activities in cells including
cell-cell recognition, energy production, signal transduction and
conversion, cell adhesion and foreign molecule identification. In
Chapter 3 an adaptable strategy utilising flow cytometry is presented,
in which labelled membrane components are used to quantify their
exchange rates between mammalian cells in co-culture, investigate the
interactions between glycans and membrane lipids, and understand
the exchange mechanism.
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Using this approach, the rate of sterol exchange was shown to be
highly cell-line dependent and the rate of sialic acid containing
component exchange significantly slower than that of the sterolic
lipids. Moreover, in a different experiment, a non-exchanging cell line
was forced to exchange both sterols and carbohydrates when brought
into prolonged close proximity using complementary coiled-coils.

Chapter 4 provides future implications for and directions towards
quantification and identification of membrane lipid exchange between
immune cells. It presents an adaptable strategy based on trogocytosis
assays in which fluorescent and clickable lipids are used to determine
the membrane component exchange between antigen-presenting and
T cells in co-culture. A range of sterols and aliphatic acids were
screened and their effect on trogocytosis was determined. It is
generally accepted that cell membrane lipids might not be equally
transferred during cell-cell contact. However, there does appear to be
a specific rate of selectivity in the classes of cell membrane components
transferred from antigen-presenting cells to T cells.

The precise mechanism of exchange between immune cells has yet to
be discovered, but likely requires the formation of a synapse after
direct contact between donor and acceptor cells. These findings might
lead to alternative approaches of the exchange of membrane lipids in
immune cells, focusing on manipulating either the targeting lipids for
restricting undesirable processes, in order to understand
immunotherapies

Chapter 5 deals — for the first time — with the surface modification of
living cell-wall-deficient bacteria (i.e. L-form), as a first step towards
bacterial fusion, using cell-compatible coiled-coil peptides. The
L-forms used in this study have been generated from actinomycetes,
by inhibiting crucial steps in the biosynthesis pathway of the cell wall.
A supramolecular method was developed, based on a complementary
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coiled-coil-forming peptide pair, to functionalise the membranes of
L-form bacteria in an efficient manner. Besides L-form surface
modification, this chapter also concerns the viability and liposome
docking as well as potential membrane fusion.

Due to the small size of the bacteria as well as light scattering
limitations, it was difficult to distinguish aggregated from fused cells.
To overcome these limitations in the current experimental set-up, a
double antibiotic selection assay could be designed to select for fused
L-forms. Additionally, coiled-coil peptides with different PEG-spacers,
peptide length or lipid moieties might have a positive effect in L-form
bacterial fusion. It is expected that this method will be able to induce
fusion between L-form cells of distinct species, whereby the chemistry
of two living cells is merged into a new cell. Successful fusion and
regeneration of different actinomycetes strains at high frequency
would facilitate the future discovery of new antibiotics and microbial

strain improvement.

Chapter 6 presents the synthesis of a fluorescent alkyl phospholipid
ether analogue and an initial study into whether this modified
phospholipid is a potential tool for targeting prostate cancer

membranes.

This phospholipid is used with current fluorescence imaging devices
to visualise prostate cancer in vitro. For in vivo studies, a zebrafish
xenograft model was used. Zebrafish xenograft models are suitable for
live-cell imaging, allowing the examination of circulation and
distribution of labelled compounds in real time. However, further
studies should be undertaken including different cancer models as
well as kinetic experiments to shed light on the docking mechanism of
this ether phospholipid analogue.
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E&éxovoeg mMEOOeYYLOELS YL T HeEAETT) peTaly
KUTTAQIKWV AAANAemdpAoewv

H nmagovoa dixtony meorypddel mpooeyyioels mavw ot peAétn
TWV  AAANAETOQACEWY  KUTTAQOV-KUTTAQOV KAl OLEQELVA TNV
AVTOHAAQYT) TWV CLOTATIKWV TNG HEUPOAVNG.

L10 mEwTo péEoG peAetr)Onke o QUOUOS TS avTAAAaYNS AtTtdlwy,
TOOO KATA TIS PLOLKESG ETIAPES KLTTAQOV-KLTTAQOL 000 KoL KATA TN
dudokelx ekTeTAUEVWV eTUPRAAAOpEVWY eTTAPV.

Lto devTeQo HEQOG XONOtpoTomONKav ATOWHEVA OTIELQOELDT
MEMTOWX yIx TN HeAET) TG OLUTEQLPOQAS Kat NG Tubavnig
OUVTNKTIKNG OUUTIEQUPOQAS AVTWV TWV EVWOEWV O& PAKTIOWH e
EAAe)n kuttaEkov Ttoxwpatog. Ou €pevveg xENOpomoinoav
HeOOdOVS KLTTAQOUETOLAG QON|G KL OHUOETTIAKT]G UIKQOOKOTILAG Yot
va peAetnOovV 0L TQOTIOTIOU)OELS TG ETUPAVELAS TwV BakTnEdiwy
pnoo®drc L kat ) mbavr) én peppoavnge.

rto KepaAaro 2 meprypadovtal 11 AemMTOHEQNS ETMOKOTNON NG
AVTOHAAQYNG OLOTATIKWVY TNG HEUPOAVTS OTa KUTTAQR, kabwg Kat
OL XNMUKEG TEOOEYYIOELS VI TNV EVIOXVOT TV €MAPWV KUTTAQOVL-
KUTTAQOU. ITegrypadovtatl ieadelypato UNXAVIOU@V
dLKLTTAQIKNG  HeTAPOQAS, BLOAOYIKWV €TMOQATEWV  HETAPOQAS
TWV OAKLTTAQIKWY OCLOTATIKWV TNG HEUPQAVNG Kol XNUKES
OTQATNYIKES YIX TNV eVIioXLvon eMadV KLTTAQOV-KLTTAQOL KAOwg
emiong e£etalovTal oL avTox£G KAl OL TTEQLOQLOUOL TwV.
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Ta ovotatka amd v KLTTAQWKY] HEUPOAVN UTIOQOVV Vv
petadpepbovy peTald TV KLTTAQWYV TOOO in Vitro 600 KAL in vivo.
Avtr) n pootakt) aviaAAayr mailet onuavtikd 0OAo ot eUOuLON
TWV KUTTAQIKWV QAANAETOQACEWY KAL TWV AVTWQACEWV OTO
neQIBAAAOV tovg. QoTO00, O TOAAEC TEQLMTWOELS, O OaKQUBNG
UNXAVIOHOS KAl TO  AELTOLQYIKO QATMOTEAEOUA AVTWV  TWV
AVTOHAAQ YOV TTOQOEVEL AKOUT VA DlxoaPNVIOTEL

H duvapikr] kat n KivnTikr) e aviaAAayng HepPoavikwy eVOoewy
eMNEEACOVY TIOAAES DLAPOQETIKES PLOAOYIKES DOATTNOLOTNTES O€
KUTTOQX, OUVUTEQAAUPBAVOUEVWY TNG avVAYVWELONG KUTTAQOL-
KUTTAQOV, TNG MAQAYWYTS EVEQYELAS, TNG HETAYWYTS KLTTAQLKOV
OTNHATOG, TNG TIROOKOAANONG TWV KUTTAQWYV KAL TNG AVAYVWOLONG
EEvwv poolwv.

Yto KepaAaro 3 magovotdletal Hiot TQOCAQUOOLUTN OTOATIYIKN
TIOL  XONOIUOTIOlEl  KUTTAXQOMETOlXx  QOT)g, OtV omola
XONOLOTIOLOVVTAL ETUOTUAOUEVA CLOTATIKA HEUPOAVNG Yix va
TIOOOTIKOTIO)O0OVY  TOLG  QUOUOUS  avtaAAayrc Touvg  peta&d
KUTTAQWV ONAaotikwv o ovv-kaAALéQyel, va avixvevoouvv Tig
aAANAEeTIOQAOEIS peTAlD YAVKAVAVY KAt ALTUdlwv pHeuPEAVNS Kat
VA KATOVON)OOLV TOV UNXAVIOHO AVTAAAXYTG.

Xonowonowwvtag avtr) TNV TEOCEYYLOTN, 1 TaxLTNTA TNg
avTaAAayNG 0teQoAwV amodelxOnke otL efaptdtal ot peYAAO
Babuo amo ) yoapupn twv KOTTAQWV Kat 0 QLOUOG NG avTaAAaYTS
OLOTATIKWV TIOV  TEQLEXOLVV  OlAKO o0&V  elval  onpavTika
Poadvtegog amod ekelvov Twv 0TeQOAKWV Atrtdiwv. Erumpoofeta,
oe éva OLxPOEETIKO TEIQAUA L UN-OVTIAAARCOOUEVT] KUTTAQUKN
YOAHUT] VAYKAOTNKE Vo aviaAAd&el 1000 0TEQOAEG 000 Kl
vdatavOpakes 0TV €EAVAYKAOTNKE O EKTETAMEVT] €YYLTNTA
XONOUOTIOLWOVTAS CUUTATQWHATIKA OTIELQOELDT) TTETTIOLX.
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To Kepadauwo 4 meoryoadet peAdoviucés eTUMAOKES  Ka
KatevOUVOoeElS  OXETIKA HE TNV TOOOTIKOTIOMOTN KAl TNV
tavtoroinon ¢ aviaAdayne pepPoavikwv Amdiwv  petald
avoookLTTAQWV. ITagovotalel P TEOOAQUOTIUT] OTOATNYLKT] TTOV
PaoiCetat o0&  dOKIUAO(EC  TQOYOKUTTAQWOTNG  OTIS  OMOleg
xonouomnotovvtal GpOopllovia kat KAK- Almidia yiax v medkAnon
mMe aviaAAayNg TV evwoewv TG UeUPEAVNG HeTall TwV
AVTLYOVOTIAQOVOLATTIKWV Kol TwV T kuTttdewv o€ ouv-kaAALégyela.
Mwx cepa otegoAwv kat aAeipatikwv oféwv vropANONKav oe
dtaAoyn) kat mEokANOnke 1 emidEAOT) TOLG OTNV TEOYOKLTTAQWO.
Etvat yevikd amodekto 0Tt ta Amidia TG KLTTAQIKNG HeUPoAvng
EVOEXETAL VA PNV HETAPEQOVTAL LOOHEQWS KATA TN dLAQKELX TNG
ETAPNG KUTTAQOL-KLTTAQOVL. Q0TO00, PALVETAL TTWG VTIAQXEL £VAG
OUYKEKQIUEVOS  QUOHOG  ETUAEKTIKOTNTAC — OTIGC  KATYOQleg
OLOTATIKWV KUTTAQLKT)G HEMPOAVNG Tar omola petadégovTal amo
KUTTOQO TIOL TIEQLEXOLV avTLydvo o€ kKuttapa T.

O akoprc unxaviopog avtaAAayns pHetall avooOKLTTAQWY OV
éxer axoun avakaAvPOel, aAAd mbavov anattel Tov oXNUATIONO
MG oLVAPEWS HETA ATIO ARLEOT) ETAPT) LETALD TV KVTTAQWV dOTN
Kkat 0éxktn. Avtd ta evgnuata Oa pmogovoav va odnynoouvv oe
evaAdaktikég mpooeyyloels otnv aviaAdayn Atmdiowv peppoavng
ot avoooKVUTTAQR, €0TIALOVIAG OTOV  XEWWOHO  &lte TV
OTOXEVHEVWV ATV Ylx TOV TEQLOQLOMO TwV aveTOvunTwv
dleQyaoiwv  elte Twv ETOQWVIWV KUTTAQWYV, TQEOKELUEVOL V&
oVHPLPBacToY Kat va kKatavonBovv ot avoooOeparteleg

To KedpaAaro 5 aoyoAeital - yix mowtn Goed - e TNV TQOTOTIOM 0T
me emdpavelag twv Coviavov Paktnoiwv ta omolax  €éxouv
QAVETIAQKY] KLTTAQIKA Ttotywpata (r.x L-poodnc), weg éva modto
Pripa v T ovvINET TV PakTnoiewyV, XONOLHOTOLWVTAS OTIELQOELDT)
nemtidix ovpuPata pe ta kOottapa. Ta Baxtiowx L-popdpric mov
XONOOTIOOVVTAL 08 LTV T HeAET éxouvv avaraoaxOel amod
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AKTIVOHUKN TR, OAVAOTEAAOVTOS ONHUAVTIKE OTAdx [loovvOeong
TOU KUTTAQIKOU TOLXWHATOSC. AvantixOnke i vmeQUoQLakn
pnebodog, Paociopévn oe £va L0OQEOTINHEVO CeVYOC TEMTOIWV TOV
oxnuatiCet meQLOTEEPOUEVT) OTIEIQR, TTQOKELLLEVOL VA AELTOVQYT|OEL
Y01 YO0 KAL ATIOTEAETUATIKA OTNV TQOTIOTIOMOT] TWV HEUPOAVAV
twVv Baxtneiwv popdrc L. Emtiong, avtd 1o kePpaAato meoryoadet,
EKTOC ATIO TNV TQOTIOTIOMNOT) TNG HEUPBOAVTS TV BakTnolwv poodpng
L, m Puwootnta twv Paktnolwv, v Almocwuatiky] ovvdeon
kaOws kat v mavr) cOvVINEN TG HEUPOAVTC.

AOyw tov pKEoU peyéOouvg twv Baxtnowiov kabwe kat twv
TLEQLOQLO WV OKEDAOTG TOL PWTOG, )Ty DVOKOAO Vat YiveL dDLAKQLOT)
HETAEV OLOOWHATWUEVWV KAL OLVTNYHEVWY KuTtdowv. T va
EeMEQAOTOVV AUTOL OL TEQLOQLOUOL OTNV TEEXOVOX TIELQOUATIKT)
eykataotaorn, Oa pmogovoe va  oxedwxotel  évag  OLmAGG
TEOODIOQLOUOG  eTAOYTC avTIPloTkoy Yix ta ovvtnyuéva L-
poodrc  Paktrowr. ErumpooOétwsg, omepoedr) memtidux  pe
daapoeTkoUg dAXWOLOTEG TIOAVALOVAEVOYAUVKOATG, dlxdpogeTikd
unkn menmtdiov 1 Tuqpata Armdiov pmogel va éxovv Oetik)
emidoaon ot ovvnén twv L faxtnoiwv . Avapévetat ot av 1
pnebodoc Oa eltvar weavr) va dieyelget ) ovvinén petald L-
KUTTAQWV 1]  dX(POQETIKWV €WV, OTOL dVO KUTTARA VA&
ovyxwvevovtal oe éva véo kvttago. H emituxrg ovvinén kat
avayévvnon daoQETIKWY OTEAEXWV AKTIVOUUKNTWVY [e LPNAN
ovxvotnta Oa dlevkoAvve TNV avakXALVYPN VEWV avTIBLOTIKAOV KAl
™ PeATIWON TWV HIKQOPLAKWY OTEAEXWV.

152



Summary in Greek

To KepdAaro 6 magovoialet ) ovvOeon evog pOopilovtog aAkvAo
PWoPOALTIOKOV  atfeQuoV avaAdyov Kal px QK] HeAétn
OXETIKA HUE TO KATA TIOOO QUVTO TO TQOTIOTOUEVO PWOPOALTOLO
elvat éva mBavo epyadeio v ) 0TOXELOT) HEUPOAVAV KAQK{IVOL
TOL QOO TATN.

Avt6 10 PWOPOALTIIDIO XONOIHUOTIOLEITAL PLE TIG TOEXOVOTEG CLOKEVEG
amewovions GpOoQLoHoL yia TNV AMEKOVION TOL KAQK{VOvu Tov
nipootatn in vitro. T'w in vivo peAéteg, xonowuonomOnke povtéAo
Eevopooxevpatwv oe Cefodaga. Ta povtéAa EevopooyevpHATWY
oe CePoodapa elvar katdAAnAa v amekdvion Cwviavav
KUTTAQWV ETUTOEMOVTAG TNV €EETAOT) 0€ MOAYHATIKO XQOVO TNg
KUKAODOQIAC KAl TG KATAVOUTG TWV ONUACUEVWV EVWOEWV.
Qotéoo, Oa mEémel va mEAyHaTomomOovv TeQALTEQW UEAETEG,
OVUTTEQUAAUPBAVOIEVWY DLAPOQETIKWY HOVTEAWV KaQKIVOU, kaOwg
KL KWV TIKQV TEELQXHUATWV.
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