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ABSTRACT
Trehalose is a disaccharide of glucose that has been shown to exhibit protective
properties at relatively low concentrations during freezing, when available on
both sides of the cell membrane. The major challenge to utilizing trehalose as an
intracellular cryoprotectant is that trehalose cannot move passively across
biological membranes and mammalian cells do not contain the proper machinery
to actively transport this molecule. The human cell line TF-1 was used as a
model system to explore the use of liposomes as a vehicle for the intracellular
delivery of trehalose. Parameters which influence the interaction between
liposomes and TF-1 cells were identified and applied to assess the freezing
response of cells following liposomal treatment. Under the conditions tested, a
positive correlation between liposomal treatment and post-thaw survival was
observed. For this approach to have a significant influence on cryobiology at a
clinical level, further investigation is required to increase intracellular trehalose

concentrations.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL INTRODUCTION

Mother Nature has given birth to millions of species with biological capabilities
which were acquired out of necessity through adaptation and evolution.
Scientists often study natural systems to find answers to complex questions
which cannot be explained using conventional methods. The study of freeze-
tolerant and desiccation-tolerant species is a prime example of how nature has
influenced advances in medicine. Cryobiologists are scientists dedicated to the
study of life at low temperatures and they play an increasingly important role in
transfusion, transplantation and regenerative medicine. With the development
of engineered tissues and the growing demand for blood and tissue banks,
preservation of biological structure and function ex vivo is a crucial requirement
for the successful utilization of these biological components in medicine.
Cryopreservation prevents significant changes to the physicochemical
properties of the system by suppressing molecular motions and in some cases
arresting metabolic and biochemical reactions all together.  Although
cryopreservation is not a requirement for autologous transfusion or
transplantation, degradation of structure and function during hypothermic
storage is a problem. Freezing and storage at low (< -135 °C) temperatures is

currently the only technology available which facilitates long term storage of
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biological materials while maintaining functional, structural and biological
characteristics.

The primary challenge to developing a successful freezing protocol is
minimizing the damage associated with the formation of ice crystals and the
resulting change in solution properties that occur in the intra- and extracellular
environment. Cryopreservation was first made possible after the serendipitous
discovery of the cryoprotective properties of glycerol in 1949 (1). Since that
time a number of other cryoprotective chemicals have been identified.
Commonly used cryoprotectants (CPA) are classified as either non-permeating
or permeating. Non-permeating CPAs include sugars, large polymers such as
polyvinyl pyrrolidone and polyethylene glycol, and starches such as
hydroxyethyl starch. Lower molecular weight compounds such as dimethyl
sulfoxide (DMSO) and alcohols like glycerol and propylene glycol readily diffuse
across the plasma membrane and fall in the class of permeating CPAs. The
mechanism of action of these CPAs differs depending on their classification
within the two groups (2-4). In general, CPAs act colligatively to alter intra- and
extracellular solution properties, reduce the amount of ice formed at any given
temperature, and buffer the concentration of other solutes during dehydrating
stresses such as freezing (5, 6). One major concern with most conventional
CPAs is their associated toxicity, especially at ambient temperatures (7) and at
increasing concentrations as ice forms during freezing at low temperatures (8-
10). Formulations which combine permeating and non-permeating CPAs and

freezing protocols designed to limit the amount of time cells are exposed to
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increasing solute concentrations are common approaches to confer

cryoprotection while reducing toxicity (11-13).

1.2 CRYOPRESERVATION OF STEM CELLS

Autologous or allogeneic “stem” cells collected from the bone marrow,
peripheral blood, or umbilical cord blood are used for reestablishing
hematopoiesis in patients following chemotherapy or irradiation therapy. Due to
a progressive loss of hematopoietic progenitor cells (HPC) during non-frozen
storage, sources of stem cells used in cancer treatment are often cryopreserved
and stored at low temperatures until required. Regardless of the
cryopreservation protocol, all existing methods for stem cell cryopreservation
require DMSO as the primary CPA.

A successful cryopreservation protocol utilizing DMSO requires a fine balance
between protection from freeze damage, and the occurrence of cryoprotectant-
induced toxicity. The toxicity of DMSO has been attributed to poor cell viability
and clonogenic activity (14), a loss of mature blood cells, as well as numerous
transient and dose-dependent infusion-related reactions (15-20). While post-
thaw cell processing reduces the amount of DMSO infused (14), processing
may contribute to a decrease in myeloid precursor cells necessary for
successful engraftment (21). Manual processing and open systems also
increase the risk of bacterial contamination (18). Attempts to reduce the cost
and complexity of HPC cryopreservation processes using mechanical freezers

for freezing and storage may increase the rate of cell loss due to degradative
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biochemical activity at higher storage temperatures (15). The risk of DMSO
toxicity at higher storage temperatures may also contribute to cell loss.
Considering the growing number of clinical applications for both hematopoietic
and non-hematopoietic stem cells, there is a renewed interest in improving the

outcome for cryopreservation of stem cells (22).

1.3 NOVEL CPAs

In order to address the limitations associated with current cryopreservation
practices, a major focus of biopreservation research has been on the
development of alternative cryopreservation methods including investigation into
novel, non-toxic CPAs. A number of freeze-tolerant and desiccation tolerant
organisms, including vertebrates, insects, fungi, plants, and micro-organisms,
respond to environmental stress by accumulating low molecular weight
carbohydrates, such as glucose, trehalose and polyols (23-26). These
carbohydrates help provide colligative resistance to cell volume changes,
relieving osmotic stress and the cellular toxicity resulting from increased
intracellular osmolality during freezing (26). Glycogen reserves in the liver get
converted to glucose which can be transported across the cell membrane into
the intracellular spaces, however utilization of trehalose, a membrane
impermeable non-reducing disaccharide of glucose, requires specialized
enzymatic pathways for synthesis and degradation (27, 28).

Trehalose is primarily found in high concentrations (up to 20 % dry weight) in

desiccation tolerant organisms (25, 29-31) and as a result has gained attention
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as a potential agent that may confer protection on biological materials during
freezing and freeze-drying. Trehalose has the ability to stabilize the structure of
biological membranes during dehydration, inhibiting morphological and
functional changes associated with exposure to low temperatures (29, 32-34),
and helps to maintain the native conformation of proteins during freezing and
freeze-drying (35-39). In addition, trehalose exhibits a number of
thermophysical properties in aqueous solutions which may contribute to its
efficacy at low temperatures (39, 40) and relatively low concentrations (< 200
mmol/L) (41-43).

The major impediment to utilizing trehalose as the primary constituent of
biopreservation solutions is the membrane impermeable nature of this molecule
which has been shown to be required on both sides of the cell membrane for
optimal protection (41, 42, 44-47). The protective capabilities of trehalose have
been demonstrated during cryopreservation or lyophilization in a number of
biological systems including liposomes (47), bacteria (48, 49), yeast (44, 46),
islets (50), keratinocytes (42), fibroblasts (41, 42, 51), stem cells (43, 52),
platelets (53), and red blood cells (45, 54). Techniques used to permeabilize
cells for loading trehalose include electroporation (55, 56), gene transfection
(57), controlled loading using a genetic mutant of the pore forming protein a-
hemolysin from Staphylococcus aureus (42, 43, 58), thermal shock (50, 53, 59),
cellular fluid-phase endocytosis (60) and more recently, laser-induced pore
formation (61) and transient permeabilization using the ATP-dependent P2Z

receptor channel (52). Each technique has its own limitations, primarily with
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regard to the low concentrations of trehalose that can be achieved
intracellularly. In the case of the bacteria-derived pore-forming protein, while
quite successful at loading cryoprotective concentrations of trehalose into
various human cell types, this method cannot be transferred to clinical use.
Reversible cell permeabilization using the P2Z receptor is a promising approach
which has led to the successful cryopreservation of HPCs in a single study (52)

but its use is limited to cells that express this protein.

1.4 A NEW LOADING METHOD

The focus of several projects in our lab is to look at an alternative approach to
loading trehalose into mammalian cells. Liposomes are microscopic structures
composed of one or more concentric lipid bilayers (lamellae) with an aqueous
compartment separating each ltamella. The bilayer membrane is composed of
discrete lipid molecules which separate the internal compartment from the
external medium (62). Liposomes can be synthesized to conform to a variety of
sizes, shapes and compositions, depending on the application. Liposomes
were originally used as model membrane systems to study the structural
elements of the lipid bilayer such as membrane fluidity, permeability, and
molecular and physicochemical organization, as well as the interaction of
membrane-active drugs with lipids (63, 64). More recently liposomes have been
used to promote cell-cell fusion, alter membrane content and transfer water-
soluble impermeant molecules into cells (64). Liposomes can be used to entrap

both lipophilic and hydrophilic compounds for a number of applications including
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microencapsulation of therapeutic agents such as drugs and enzymes as well
as the delivery of genetic material for gene therapy and protein targeting (65,
66). Liposomal delivery of biologically active compounds is attractive due to
their versatility and because liposomes are a relatively non-toxic vector which
could potentially reduce host inflammatory and immune responses (67).
Applications involving liposomes have been applied to a wide range of
disciplines and liposomes are currently FDA-approved for drug delivery in the

pharmaceutical industry (68).

1.5 HYPOTHESIS'
Liposomes can be used as a vehicle for the delivery of trehalose to the
intracellular compartment of nucleated mammalian cells, which would then

provide protection to the cells during freezing and thawing.

1.6 OBJECTIVES AND APPROACH

The extensive use of lipid vesicles over a diverse range of disciplines is possible
primarily because of their versatility which allows a variety of materials to be
entrapped in the aqueous compartment and inserted into the vesicle membrane.
Additional characteristics include the synthesis of liposomes from natural,
biodegradable, nontoxic, and non-immunogenic lipid molecules. Combined,
these characteristics make liposomes an attractive vehicle for the delivery of

intracellular trehalose which has potential applications in cryobiology.

'The concept of using liposomes as a delivery vehicle for intracellular trehalose is a direct result
of collaborative work between Dr. Maria Gyongyossy-Issa and Dr. Jason Acker.
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In order to prove the hypothesis, it will be necessary to demonstrate the delivery
of liposomal contents into the target cell population, and show that a direct
correlation exists between liposomal treatment and cell survival during low
temperature exposure. Four studies have been designed to investigate the
feasibility of utilizing liposomes to overcome the permeability barrier of trehalose
to nucleated human cells.
1. To explore the osmotic response of cells to freezing in the presence
of low concentrations of intra- and/or extracellular trehalose.
The design of condition-specific cryopreservation protocols is required to
minimize cell volume changes during CPA addition and removal, and to
limit the time cells are exposed to concentrated solutes. Both of these
conditions are governed by the cellular osmotic responses during cooling,
which depends on the type of CPA and cell-specific membrane properties.
The osmotic responses of cells to low temperature exposure under variable
conditions can be predicted theoretically using computer modeling. Due to
the impermeable nature of trehalose it is difficult to determine the extent of
its ability to protect against cryoinjury. Computer modeling will be used to
explore the role of trehalose as a cryoprotective agent by studying cellular
osmotic changes that occur during cooling in the presence of low

concentrations of intra- and/or extracellular trehalose.
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2. To develop a reliable and reproducible technique for the synthesis of

trehalose-loaded liposomes, that can be well characterized.
A number of techniques have been established to synthesize liposomes of
variable sizes (69-74). The liposome synthesis technique selected for this
study will be based on the method of extrusion which has been shown to
produce a relatively homogenous population of large unilamellar vesicles
(LUVs) (69, 74). The reliability and reproducibility of this technique will be
assessed by developing methods to characterize the final liposomal
product. Characterization will help to define measurable properties which
can then be compared from one preparation to the next as a method of
quality control to reduce experimental variability.

3. To identify the parameters which influence liposome-cell interaction.
An assessment of biological compatibility between cells and liposomes, and
the identification of parameters which influence liposomal-cell interaction
will be explored. Liposomes containing a membrane impermeable
fluorescent marker will be combined with cells under variable experimental
conditions. Flow cytometric assessment of cellular fluorescence will be
used as an indirect indicator of liposome-cell association.
Immunophenotyping will be performed to determine the effect liposomes
have on the expression of surface antigens involved in cell proliferation and
differentiation. These two approaches combined will help to determine the
interaction between liposomes and cells and identify conditions which

influence this interaction.
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4. To determine the response of cells to freezing conditions following
liposomal treatment.
The parameters identified to influence the intracellular delivery of liposomal
contents will be applied to explore the potential of this approach for
applications in cryobiology. The response of cells to freezing following
exposure to trehalose-loaded liposomes, either in the presence or absence
of extracellular trehalose, will be compared to cells frozen without
cryoprotection. The results of this study will be used to assess the utility of

liposomes in the delivery of cryoprotective concentrations of intracellular

trehalose.
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CHAPTER 2
COMPUTER MODELING OF CELLULAR OSMOTIC RESPONSES TO

FREEZING IN THE PRESENCE OF TREHALOSE

2.1 INTRODUCTION

When cells are exposed to low temperatures, a number of physical processes
take place. Ice forms as water freezes in the extracellular environment and
solutes concentrate in the unfrozen fraction of the extracellular solution. An
efflux of water from the cell, with a corresponding decrease in cell volume,
occurs in response to the changing extracellular environment and the resulting
difference in chemical potential across the cell membrane. The magnitude of
change in cell volume is dependent on the cooling rate, the permeability of the
cell membrane to water and the temperature dependence of the permeability.
Rapid cooling inhibits water movement out of the cell due to the changing
kinetics and decreased permeability of the plasma membrane to water at low
temperatures (1, 2). With a large volume of intracellular water remaining, the
cell becomes increasingly supercooled as temperature continues to decrease
(2). Supercooling (SC) is defined as the number of degrees below its freezing
point that a solution has cooled before ice nucleation occurs. As the cell
becomes increasingly supercooled, there is an increased probability of
intracellular ice nucleation followed by the spontaneous formation of small ice
crystals in the cell cytoplasm, referred to as intracellular ice formation (IIF) (3).

IIF has been associated with cell death (4-6) therefore cooling protocols are
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generally designed to prevent [IF by limiting the degree of intracellular SC the
cell is subjected to during low temperature exposure.

When cooling rates are sufficiently low, cells are able to maintain equilibrium
with the increasingly concentrated extracellular environment by exosmosis,
resulting in cellular dehydration (1, 2). The combined effects of slow cooling
include cell shrinkage (7), biochemical damage on lengthy exposure to high
solute concentrations (8, 9) and cellular deformations due to the constraining
forces of ice crystals which confine cells in the diminishing unfrozen fraction (4),
defined as slow cooling injury or otherwise referred to as ‘solution effects’ (3).
The osmotic response of cells to low temperature exposure can be predicted
theoretically using computer modeling. As a result, computer modeling has
become a valuable tool in cryobiology for the purpose of aiding in the design of
protocols for CPA addition and removal which minimize osmotic stresses on the
cell and limit exposure time to CPAs (10, 11) or to correlate theoretical
approaches in cryobiology with biological outcomes (12). Due to the
impermeable nature of trehalose it is difficult to experimentally determine the
extent of its ability to protect against cryoinjury. With the aid of computer
modeling the outcome of conditions which are not easily tested experimentally
can be predicted theoretically.

Accurately predicting the osmotic response of a cell to low temperatures using
computer modeling requires a number of osmotic parameters that can be
calculated from cell volume measurements and solution properties specific to

the cell system in question. The first two parameters, hydraulic conductivity (L)
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and the cryoprotectant permeability parameter (Ps), describe water and solute
movement across the cell membrane, respectively and are calculated based on

the model of Johnson and Wilson (13):

%\ti-_-Lp-A-R-T(ni—;ze) (Eq2.1)
ds c, dv

_p. _g)% SV Eq2.2
" P.-A(AC,)+(1 0')2 m (Eq2.2)

where V is the water volume in the cell (um®), t is the time (min), L, is the
hydraulic conductivity, A is the cell surface area (um?), R is the universal gas
constant (kcal/mol/K), T is the absolute temperature (K), ¢ is the extracellular
osmolality (osmoles/kg water), m; is the intracellular osmolality (osmoles/kg
water), and AC; is the difference between the intracellular and extracellular
solute concentration.

The reflection coefficient (o) is used to account for the interaction of water and
solutes in the cell membrane. The activation energies (E,) for L, and Ps are
temperature dependent parameters which describe the energy required for a
permeant molecule to diffuse across the cell membrane. The Arrhenius
equation represents the linear relationship between the logarithm of the
membrane permeability parameter and the inverse of the absolute temperature
and is used to calculate E; (14). The osmotically-inactive fraction (Vy) of the cell
is the fraction of the isotonic cell volume not involved in the osmotic activities of
the cell. V, is calculated from equilibrium cell volume measurements in
response to anisotonic environments using the Boyle van’t Hoff relationship

(15). Phase diagrams are the final required element and are used to calculate
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temperature related concentrations of intra- and extracellular components
present in the simulated environment (2, 16, 17). Based on these equations, a
computer simulation program was developed by Dr. Locksley McGann, which
enables theoretical predictions of cell volume changes in response to low
temperatures.

A user interface of the program is shown in Figure 2.1, indicating the input
required for operating the program. Cellular osmotic permeability parameters
were taken from the thesis of Lisa Ross-Rodriguez (12, 18) and are summarized
in Table 2.1(a), (b) and (¢). The cellular osmotic parameters which include the
isotonic cell volume (V,), Vb, Lp and E; for L, were for the human cell line TF-1
(American Type Culture Collection (ATCC), CRL-2003, VA, USA) which is used
as a model cell system for HPCs in this and subsequent studies, to test the
hypothesis outlined in Chapter 1.

Mazurs’ two-factor hypothesis of freezing injury (3) which uses intracellular
solute concentrations and supercooling as predictors of cryoinjury, was used to
interpret simulation results. The maximum degree of intracellular supercooling
(SC) was used as an indicator of lIF. When the cytoplasm is supercooled
greater than 10 °C there is an increased probability of ice nucleation followed by
IIF (19) therefore 10 °C was used as the upper limit to tolerable intracellular
supercooling. Maximum intracellular potassium chloride concentration ([KCI];)
was used as an indicator of solution effects injury where ‘tolerable’
concentrations of [KCI); are defined as <1 mol/kg. This limit was selected based

on experimental observations by Mazur and colleagues that cell survival
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dropped to below 20 % for salt concentrations =2 mol/kg but remained above

80 % for salt concentrations < 1 mol/kg (4).

2.2 THEORETICAL METHODOLOGY

Computer simulations were used to predict the osmotic response of TF-1 cells
exposed to low temperatures at variable cooling rates from 1 °C/min — 100
°C/min in the presence of (i) no CPA, (ii) extracellular trehalose (0.1, 0.2, and
0.3 mol/kg), (iii) intracellular trehalose (0.1, 0.2, and 0.3 mol/kg), (iv) intra- and
extracellular trehalose (0.1, 0.2, and 0.3 mol/kg), and (v) 10 % or 1.559 mol/kg
DMSO (standard conditions for cryoprotection). The cooling protocol for each
condition involved cooling from 25 °C to 0 °C at 100 °C/min followed by cooling
to -40 °C at controlled rates varying from 1 °C/min to 100 °C/min. Conditions (ii)
(iii) and (v) required an initial hold step, determined by the time required for
osmotic equilibrium, allowing cells to reach equilibrium cell volume. This
ensured that cells were in osmotic equilibrium at the onset of cooling. Hold

times were 3 minutes and 4 minutes for trehalose and DMSO, respectively.

2.3 RESULTS

Low Temperature Exposure in the Absence of a CPA

Predicted osmotic responses of TF-1 cells cooled to -40 °C at cooling rates (CR)
ranging from 1 °C/min to 100 °C/min without a CPA is shown in Figure 2.2. As
CR increases maximum supercooling increases. At cooling rates < 20 °C/min,

maximum SC of the cell cytoplasm does not exceed the tolerable upper limit of
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10 °C. At CRs > 20 °C/min, maximum SC would exceed 10 °C, increasing the
probability of IIF. Increasing CRs have the opposite effect on maximum [KCI];.
At CRs < 50 °C/min, there is a marked increase in [KCI}. With no CR where
both SC and intracellular solute concentrations can be maintained within
tolerable limits, the simulations predict low cell survival over the entire range of
CRs in the absence of a CPA.

Osmotic Response to Freezing with Extracellular Trehalose

When trehalose is restricted to the extracellular environment, the cell is
shrunken below isotonic cell volume prior to cooling (Figure 2.8). The result of
simulations of TF-1 cells cooled at different rates in the presence of extracellular
trehalose is shown in Figure 2.3. The cellular response in the absence of a
CPA is included for comparison. Extracellular trehalose decreases the
maximum degree of SC over the entire range of CRs but has the opposite effect
on [KCIl]i. The addition of extracellular trehalose increases the maximum
tolerable CR up to 30 °C/min with 0.3 mol/kg trehalose. With no CR that
maintains SC and [KCI]i within tolerable limits, the simulations predict that
extracellular trehalose, at the concentrations examined, will not provide
cryoprotection for these cells.

Osmotic Response to Freezing with Intracellular Trehalose

When trehalose is restricted to the intracellular environment, the cell is swollen
above isotonic cell volume prior to cooling (Figure 2.8) and the osmotic
response (Figure 2.4) is opposite to that seen with extracellular trehalose.

Intracellular trehalose increases the maximum SC and reduces [KCI); in a
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concentration dependent manner. In the presence of 0.3 mol/kg trehalose, SC
exceeds 10 °C at CRs above 10 °C/min. Maximum [KCI]; is reduced over the
entire range of CRs when intracellular trehalose is present, but exceeds the
tolerable limit at CRs > 50 °C/min. The effect of intracellular trehalose on
maximum [KCI]; becomes more pronounced as CR decreases. As the trehalose
concentration increases, the degree of SC increases and [KCI]; decreases. The
response is shown by a left shift of the graph with respect to cells frozen without
a CPA. Cell survival is predicted to be low because no CR maintains both SC
and [KCI]; within tolerable limits.

Osmotic Response to Freezing in the Presence of Intra- and Extracellular
Trehalose

When trehalose is present in the intra- and extracellular environment, the cell is
at isotonic cell volume prior to cooling (Figure 2.8). The predicted osmotic
response of TF-1 cells to low temperature exposure over a range of linear CRs
in the presence of low (< 0.3 mol/kg) concentrations of both intra- and
extracellular trehalose is shown in Figure 2.5. Under these conditions the
maximum SC exceeds 10 °C at CRs > 20 °C/min and [KCI]; is reduced at lower
CRs, with little change seen at CRs higher than 50 °C/min. The CRs predicted
to avoid IIF are the same as without a CPA (< 20 °C/min) while CRs > 50 °C are
most effective for maintaining low concentrations of intracellular KCI. Based on
these results the simulations do not identify a CR that is optimal for reducing

both the maximum SC and [KCI]; therefore survival of TF-1 cells is predicted to
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be low over the entire range of CRs when trehalose is present at low
concentrations in both the intra- and extracellular spaces.

Osmotic Response to Freezing with DMSO

When a cell is exposed to the permeating CPA DMSO, at concentrations used
during routine cryopreservation (10 % or 1.559 mol/kg), the cell is at isotonic cell
volume prior to cooling. The osmotic response of TF-1 cells to low
temperatures under these conditions is shown in Figure 2.6. The maximum SC
increases with CR in the presence of 10 % DMSO when compared to cooling
without a CPA. However, [KCI]; is substantially reduced over the entire range of
CRs. While high CRs are still optimal for minimizing solution effects, [KCI];
remains relatively low compared to cells frozen without a CPA, even at CRs <
10 °C/min. A CR of ~ 7 °C/min is predicted to maintain SC below the tolerable
upper limit while substantially reducing [KCI];, hence cell survival is likely at this
CR.

Osmotic Response to Freezing with High Concentrations of Trehalose
When concentrations of trehalose in the intra- and extracellular spaces are
increased to match DMSO concentrations used during routine cryopreservation
(1.559 mol/kg) the cellular osmotic response under these two conditions can be
compared (Figure 2.7). When high concentrations (1.559 mol/kg) of trehalose
are present on both sides of the cell membrane during cooling, the magnitude of
the osmotic response and the trend seen with respect to SC are similar to that
seen when equimolar concentrations of DMSO (1.559 mol/kg) are present. The

simulations predict a CR of < 10 °C would be required to maintain SC within the

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



tolerable range in the presence of 1.559 mol/kg trehalose. At CRs < 10 °C,
[KCI]; is at the threshold of the tolerable maximum concentration, predicting that
cell survival may be tolerated at a CR of 10 °C/min.

Cell Volume Response

The cell volume (as a function of the isotonic volume) in response to decreasing
temperatures at low (1 °C/min), intermediate (50 °C/min) and high (100 °C/min)
CRs in the presence of low concentrations (0.3 mol/kg) of trehalose inside the
cell, outside the cell, or on both sides of the cell membrane, is illustrated in
Figure 2.8. The cell volume response to low and high CRs in the absence of a
CPA and with 10 % DMSO is also included for reference. The cell initially
responds to extracellular trehalose by shrinking, so the cell volume is below the
isotonic volume at the onset of cooling. Similarly, the cell responds to
intracellular trehalose by swelling, so the cell volume is higher than the isotonic
volume at the onset of cooling. When intra- and extracellular trehalose is
available during low temperature exposure, the cell volume is at isotonic at the
onset of cooling. At slow CRs the cell volume decreases rapidly at high subzero
temperatures (> 5 °C) and the cell volume at low temperatures is similar
regardless of the starting condition. As the CR increases the cell volume at low

temperatures differs depending on the starting condition because variable

amounts of water remain inside the cell.
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2.4 DISCUSSION

The combined effects of IIF (4-6), osmotic stress (20, 21), and lengthy exposure
to high salt concentrations in the unfrozen fraction (8, 22, 23), result in cryoinjury
when cells are exposed to low temperatures in the absence of cryoprotective
additives. The simulations demonstrate how non-permeating and permeating
cryoprotective additives help reduce the probability of IIF or exposure to toxic
solute concentrations, respectively, which would otherwise result in cryoinjury
(9, 24-26).

Effect of Extracellular Trehalose

Non-permeating agents such as large polymers, starches and sugars generally
act by dehydrating the cell at high subzero temperatures, allowing rapid cooling
to minimize exposure to damaging concentrations of solutes, while avoiding IIF
(26). The simulations predict a similar response with low concentrations of
extracellular trehalose. During initial equilibration at 20 °C, extracellular
trehalose causes the cell to shrink as water moves out of the cell in response to
the increased osmotic pressure (Figure 2.8). With the cell in a shrunken state
prior to cooling, less water is inside the cell which explains the decrease in the
degree of SC at any CR (Figure 2.3). This decrease in intracellular water also
accounts for the higher [KCI]; at each CR. Cell survival is predicted to be low
under these conditions due mostly to high concentrations of [KCI]; which can
only be avoided at high cooling rates (100 °C/min). The right shift of the graph
in Figure 2.3 illustrates how one condition is improved (maximum SC) at the

expense of the other (maximum [KCI]i). Since the concentrations of trehalose
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are relatively low outside, a large volume of intracellular water would still be
available to freeze at high CRs and cell death from IIF would result (1).
Increasing the concentration of extracellular trehalose would remove a larger
volume of cell water prior to cooling. While this would decrease the probability
of IIF at high CRs, increased intracellular solute concentrations may be
injurious. The osmotic response predicts that even low concentrations of
trehalose promote cellular dehydration prior to slow cooling thereby reducing the
likelihood of IIF (1). However, because the cell is in a pre-shrunken state at the
onset of cooling and there is no compatible solute inside the cell to reduce
solute concentrations during cooling, there is an increased probability of lethal
cell injury from solution effects (1, 3, 4, 20, 27, 28).

Effect of Intracellular Trehalose

Simulating the cellular osmotic response with an impermeant molecule inside
the cell provides us with a tool to look at a unique scenario that cannot be easily
achieved experimentally. The osmotic response is opposite to that seen with
extracellular trehalose. With trehalose confined to the intracellular space, the
cell will swell in a concentration dependent manner in response to the osmotic
pressure difference as water moves into the cell at 20 °C. With an increased
volume of cell water at the onset of cooling, the degree of SC will increase with
increasing CR (1). This decreases the range of tolerable CRs, with respect to
SC, to < 10 °C/min in order to avoid ice nucleation and IIF. Increased
intracellular water at the onset of cooling has the opposite effect on [KCI];,

allowing for lower CRs before solute concentrations become harmful. The
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overall effect is a leftward shift of the graph, once again illustrating how an
improvement in one condition ([KCI];) gets cancelled out by the impairment of
the other condition (SC) (Figure 2.4). When trehalose is limited to the confines
of the intracellular environment the cell is subjected to osmotic stress as the cell
volume increases above isotonic prior to cooling, then decreases below isotonic
during cooling (Figure 2.8). Furthermore, even though the cell is swollen above
isotonic at the onset of cooling when low concentrations of intracellular
trehalose are present, the overall effect on solute concentrations at slow CRs is
small, and the increased volume of intracellular water during cooling makes the
cell more susceptible to IIF (1).

Effect of Intra- and Extracellular Trehalose

The predicted response of TF-1 cells to freezing in the presence of intra- and
extracellular trehalose demonstrates how this condition is most effective at
reducing cell volume excursions. The equilibrium cell volume is isotonic so the
cell is neither shrunken nor swollen at the onset of cooling (Figure 2.8). At slow
CRs (< 20 °C), low equimolar concentrations of trehalose inside and out have
little effect on the maximum SC in response to trehalose concentration or
relative to cells frozen without a CPA (Figure 2.5). Maximum [KCI]; decreases in
response to increasing CRs and trehalose concentrations when trehalose is
available on both sides of the cell membrane. The concentration dependence is
more pronounced at lower CRs (< 50 °C/min). At CRs < 20 °C/min, there is no
change in the degree of SC but [KCI] is reduced bringing the CR that is

tolerable for each parameter of cryoinjury closer together. The probability of
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survival would still be low because in the presence of low concentrations of
trehalose there is not a single CR that is optimal for maintaining SC below the
upper tolerable limit of 10 °C while reducing [KCI]; below 1 mol/kg. While low
equimolar concentrations of trehalose inside and outside the cell do not appear
to provide substantial protection against solution effects injury or IIF it does
reinforce the importance of a compatible solute on both sides of the cell to
minimize osmotic stress on the cell prior to cooling (Figure 2.8) (20).
Comparing Trehalose to DMSO

During low temperature exposure in the presence of the permeating CPA
DMSO, cell volume changes are reduced with respect to isotonic (Figure 2.8)
and [KCI]; is substantially decreased over the entire range of CRs (Figure 2.6) in
comparison to that achieved in the presence of low concentrations of intra- and
extracellular trehalose (Figure 2.5). The efficacy of DMSO compared to intra-
and extracellular trehalose is attributed to the high concentration of DMSO (10
% or 1.559 mol/kg) in comparison to trehalose (0.3 mol/kg). The concentration
dependence becomes obvious when comparing Figure 2.5 to Figure 2.7
because a similar osmotic response to that seen with DMSO is predicted when
high (1. 559 mol/kg) equimolar concentrations of trehalose are present on both
sides of the cell membrane during cooling. While DMSO substantially reduces
[KCI];,, the degree of SC over the entire range of CRs increases. When a
compatible solute is available on both sides of the cell membrane during

cooling, it is apparent that the osmotic response with respect to both the degree
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of SC and [KCI]; is primarily a result of the concentration of the CPA and not
specific to the type of CPA used (Figure 2.7).

Predictive Capabilities of Computer Modeling

In general, the simulations reflect the expected osmotic response of the cells
during low temperature exposure under various conditions. This provides
validity to the design of the modeling program and our interpretation of the
results when consideration is given to the two-factor hypothesis of freezing
injury (3). Results of the simulations reinforce the importance of a compatible
solute inside the cell to limit intracellular solute concentrations and associated
biochemical damage a cell experiences during slow cooling (9, 24). Despite the
fact that the cell model used in the simulations does not reflect the complexity of
a living cell, the simulations predicted an optimal CR for TF-1 cells exposed to
10 % DMSO to be about 7 °C/min which agrees well with experimental evidence
that 3 °C/min is an optimal cooling rate for human hematopoietic stem cells
isolated from peripheral blood (29). Nucleated cells contain organelles and
undergo complex intra- and intercellular interactions.

Since the two-factor hypothesis of cryoinjury was used to interpret the
simulation results a number of assumptions related to this interpretation must be
addressed. The chosen upper tolerable limit for SC and [KCI); may be
conservative and overstate the conditions that result in cryoinjury. The
simulations of cellular osmotic responses capture SC well. Our indicator for
solution effects injury, maximum [KCI];, is one limiting assumption as damage

resulting from solution effects is not only dependent on the concentration of
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solutes but also on the relative toxicity of the CPA and the temperature and time
of exposure.

One other consideration which must be addressed is that by focusing only on
the osmotic response of TF-1 cells during cooling in the presence of trehalose
we did not take into account some additional characteristic properties of
trehalose. The thermophysical properties of trehalose (30, 31) and
experimental observations that trehalose forms stabilizing interactions with
biological structures (32-35) may in part account for the efficacy of trehalose at
relatively low concentrations (< 200 mmol/L) during freezing (36-38) and freeze-
drying (39) that have been observed using different loading techniques.
Trehalose has a very high glass transition temperature (T,) (40, 41) defined as
the temperature at which a supercooled liquid vitrifies (42). It is the high glass
transition temperature of trehalose that has led to the suggestion that solutions
containing trehalose become vitrified during dehydrating stresses thereby
preserving membrane structure (40). Vitrification is the solidification of a liquid
to an amorphous solid resulting from increasing viscosity (42). Additional
benefits related to vitrification are the avoidance of ice crystallization and its
associated change in solution properties (42). By looking at the osmotic
response alone, glass transformation was not taken into account during this
study. However, because the simulations use phase diagrams to calculate the
intra- and extracellular trehalose concentrations as a function of temperature
during cooling, simulations could be used to determine conditions where glass

transformation has been shown to occur (41).
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Another proposed mechanism by which trehalose produces stabilizing effects
has come to be known as the water replacement hypothesis and refers to the
ability of sugars to replace the hydrogen bonds of water on phospholipids (43).
Membrane cooling causes thermotropic phase transitions from the liquid
crystalline to solid gel phase and water permeability decreases. It is believed
that direct interaction of trehalose with membrane phospholipids prevents the
liquid crystalline-gel phase transition that occurs in response to a loss of
intracellular water (44, 45). Trehalose depresses the membrane phase
transition temperature (T) so that membranes remain fluid even at low
temperatures. This helps to stabilize membrane proteins, including soluble
proteins, by conserving their native conformation during dehydrating stresses
such as those associated with freezing (32, 33, 44) (46). Trehalose is found to
be superior to other glass forming polymers such as HES and dextran because
it interacts directly with membrane phospholipids (47).

The ability of trehalose to prevent membrane phase transitions at low
temperatures (44, 45) would effect water movement across the membrane and
the associated osmotic parameters. A change in TF-1 cell osmotic parameters
in the presence of trehalose was not accounted for in the modeling and could
potentially alter the cellular osmotic response. Discrepancies between
empirically derived data and theoretical predictions resulting from deviations in
the osmotic permeability parameters at lower temperatures have been observed
in sperm (48). Trehalose also effects ice nucleation and growth as shown by

the change in position of the cell in the growing ice front during directional
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solidification (49). These results are consistent with that observed by Shirakashi
et al. that trehalose prevented the mechanical suppression of cells in
extracellular ice grains and reduced the occurrence of flashing which is
correlated with IIF (50). Trehalose has a number of characteristic properties
which need to be considered when designing a cryopreservation protocol and
when using theoretical modeling to predict outcomes following cryopreservation.
By doing so this will enable predictions to be made which capture the response
seen in living systems and help strengthen our understanding of cryoinjury,

including mechanisms of protection.

2.5 CONCLUSION

Simulations of cellular osmotic responses at low temperatures clearly have
predictive capabilities with respect to the events that influence cell recovery
during cryopreservation. Computer modeling is a valuable tool for identifying
conditions where experimental validation is necessary, reducing
experimentation based exclusively on empirical observations. Data generated
from computer simulations should be interpreted with caution nevertheless,
when designed and executed appropriately and used congruently with
experimentation the results can provide valuable information about a biological
system. In addition, modeling allows us to test our theoretical understanding of
cryoinjury and how it fits with experimental outcomes, which may in fact help

improve our approach to both theoretical modeling and experimentation.
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Table 2.1: Solution composition and osmotic parameters.
Isotonic solution composition (a) and osmotic parameters
for TF-1 cells used in trehalose simulations (b) and in DMSO

simulations (c).

(a) Isotonic solution composition

osm/kg Intracellular Extracellular
KCI 0.160 0.005
NaCl 0.010 0.171
Protein 0.004 0.000
Total Osmolality 0.301 0.301

(b) Osmotic parameters — trehalose simulations

Isotonic Volume 776 pm°
Inactive Fraction 0.353

Lp (20°C) 0.342 pm/min/atm
Activation Energy for Lp 13.4 kcal/mol

(c) Osmotic parameters — DMSO simulations

Isotonic Volume

776 pm°

Inactive Fraction

0.353

Lp (20 °C)

0.4444 pm/min/atm

Activation Energy for Lp

14.884 kcal/mol

Isotonic Osmolality

0.301 osm/kg

Activation Energy for Ps

10.637 kcal/mol

Ps (20 °C)

7.0145 ym/min/atm

Reflection coefficient (o)

0.8095
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7 CryoBim 5,06: Lellular osmotic and low-temperature responses
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Figure 2.1: CryoSim Interface. User interface of the CryoSim
V5.06 demonstrating the required input for modeling the osmotic
response of TF-1 cells cooled at 1 °C/min in the presence of 0.3
mol/kg intra- and extracellular trehalose.
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Figure 2.2: No CPA. The predicted osmotic response of TF-1 cells to low
temperatures in the absence of a CPA.
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Figure 2.3: Extracellular trehalose. The predicted osmotic response of TF-1
cells to low temperatures in the presence of low concentrations (0.1-0.3 mol/kg)
of extracellular trehalose. Dotted lines represent the cellular osmotic response in
the absence of a CPA.
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Figure 2.4: Intracellular trehalose. The predicted osmotic response of TF-1
cells to low temperatures in the presence of low concentrations (0.1-0.3 mol/kg)
of intracellular trehalose. Dotted lines represent the cellular osmotic response in
the absence of a CPA.
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Figure 2.5: Intra- and extracellular trehalose. The predicted osmotic response
of TF-1 cells to low temperatures in the presence of low concentrations (0.1-0.3
mol/kg) of intra- and extracellular trehalose. Dotted lines represent the cellular
osmotic response in the absence of a CPA.
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Figure 2.7: High concentrations of CPA. Predicted osmotic response of TF-1
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extracellular trehalose (1.559 mol/kg) or (ii) DMSO (1.559 mol/kg). Dotted lines
represent the cellular osmotic response in the absence of a CPA.
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CHAPTER 3

LIPOSOME SYNTHESIS AND CHARACTERIZATION'

3.1 INTRODUCTION

Computer modeling provided theoretical predictions as to the osmotic response
of TF-1 cells to cooling in the presence of intra- and extracellular trehalose at
variable cooling rates (Chapter 2). The simulations play a valuable role in
defining the importance of a compatible solute on both sides of the cell
membrane in order to prevent cell volume changes at the onset of cooling which
cause detrimental increases in either the degree of supercooling or the
concentration of solutes. With that in mind we are faced with the challenge of
loading trehalose into the intracellular compartment in order to maximize the
cryoprotective benefits of this molecule. In an attempt to do so, we will focus on
the use of liposomes as a delivery vehicle for intracellular trehalose.

Methods of Liposome Formation

Liposomes are microscopic structures composed of one or more concentric lipid
bilayers (lamellae) with an aqueous compartment separating each lamella.
Multilamellar vesicles (MLV) consist of multiple lipid bilayers that form during
dispersal in aqueous solutions by self-closing to prevent the hydrophobic
hydrocarbon core of the bilayer from interacting with water. MLVs are obtained

by techniques involving organic solvents (1) and freeze-thaw procedures (2).

! Training to develop the methods and techniques of liposome synthesis and characterization
were provided by Dr. Maria Gyongyossy-Issa and Iren Constantinescu at the University of
British Columbia. Kirby Scott and Jelena Holovati made an equal contribution to the
development of these techniques in the Acker Laboratory. All of the results and interpretation of
the data presented herein is the independent work of Kirby Scott.
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The resulting vesicles are heterogeneous in size (1-20 ym), shape and number
of lamellae per vesicle. Large unilamellar vesicles (LUV) can be produced from
MLV suspensions by disrupting the multiple bilayers and essentially decreasing
the final size of the particle. This process is analogous to peeling off the layers
of an onion and requires energy input. The type of energy required to reduce
the particle size depends on the desired final product. Small unilamellar
vesicles (SUV) ranging in size between 15-50 nm can be produced by
sonication (3-5) or French press (6) techniques. LUVs are between 0.1-1 pm in
size and can be synthesized from MLVs by dilution from organic solvent (7),
detergent dialysis (8, 9) or extrusion (10, 11). The focus of this paper will be on
the synthesis and characterization of LUV’s using the mechanical method of
extrusion. LUVs were chosen for this study because of their size, which allows
entrapment of an appreciable volume while avoiding problems associated with
very small, highly curved systems (11, 12).

Characteristics of Liposomes

Liposomes have a number of favorable characteristics that make them
compatible with biological specimens. Liposomes are very versatile and can be
easily manipulated to alter the size, charge, and composition of the lipid bilayer
and aqueous compartment. Altering the lipid composition and charge is an
approach used to facilitate specific interactions between liposomes and the
target cell population (13). The stability of liposomes, which is defined as the
ability to retain structural integrity of the lipid bilayer and prevent leakage of their

aqueous contents, is also influenced by the composition (14, 15). Often the
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components are biodegradable and found in natural membrane systems,
preventing cytotoxicity and immunogenic responses in vivo (16).

Purpose

The purpose of this study is to develop a technique for the controlled synthesis
of liposomes encapsulating a trehalose-rich buffer which will then be used to
test the hypothesis that liposomes can be used as a delivery vehicle to load
trehalose into the nucleated mammalian cell line TF-1 (CRL-2003, American
Type Culture Collection (ATCCQC)). The development of methods for
characterizing the final liposome product will be another crucial element which is
necessary to test the reproducibility of the selected synthesis technique and
allow for experimental comparison between batches of liposomes. This will
ensure a standard of quality between preparations and reduce experimental
variability. It is important that the techniques established can be applied to the
synthesis of liposomes of variable composition and size so that if alteration of

these characteristics is required it can be accomplished with ease.

3.2 METHODS

Liposome Synthesis

Phospholipids are the building blocks of natural membrane systems. The bulk of
the liposome structure is formed by 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), a synthetic, neutral phospholipid. DPPC is composed of long saturated
fatty acid chains that help to stabilize the liposome structure by increasing the

lipid membrane phase transition temperature (T,,) (17). In addition, DPPC is
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fluid at room temperature and therefore pliable, which makes selection and
manufacturing of liposomes with a defined size possible. Cholesterol (CL) is
combined with DPPC to help stabilize the membrane. CL, which can be added
up to 50 mol % for maximum stability, has a condensing effect which reduces
membrane permeability to aqueous solutes above the T, and also increases
membrane fluidity in the gel phase (17). Stock solutions between 100-200
mg/ml of DPPC (Avanti polar Lipids Inc., Alabaster, AL) and CL (Sigma Aldrich,
ON, Canada) were prepared by dissolving dry commercial preparations in
chloroform. The lipid formulation was prepared from the stock solutions and
was composed of 25 mmol/L DPPC and 25 mmol/L CL, combined at a ratio of
70 to 30, respectively. Liposomes were prepared by a modification of the
technique of Bangham et al. (18). The lipid formulation was agitated by
vortexing to ensure a homogenous mixture of lipids followed by evaporation of
the chloroform solvent using a light stream of nitrogen gas. Residual chloroform
was removed by lyophilization overnight in a freeze-dryer (Flexi-Dry MP™, FTS
Systems, Inc., NY, USA).

The dry lipid film was hydrated using one of the following aqueous solutions:
HEPES buffered salt solution (150 mmol/L KCI or NaCl, 10 mmol/L HEPES), a
modification referred to as HBSI containing 120 mmol/L KCI, 20 mmol/L
HEPES, 10 mmol/L NaCl, and 5 mmol/L glucose, or modified cell culture
medium (RPMI-1640 serum free media (SFM), ATCC, VA, USA); with or without
the addition of sucrose or trehalose (0.20-0.29 mol/L). Hydration buffers used

for each liposome preparation are summarized in Table 3.3. All buffers were
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filter sterilized and prepared to physiological pH (7.4) and osmolality (~280
mOsm/kg). SFM was decreased in volume by 2/3 prior to the addition of 200
mmol/L trehalose and then returned to the starting volume with distilled water in
order to maintain physiological osmolality. Inclusion of the fluorescent marker
5(6)-carboxyfluorescein ((CF), Molecular Probes, Invitrogen Canada Inc., ON,
Canada), at concentrations ranging from 10 pmol/L-800 pmol/L permitted
labeling of the liposomal vesicles. CF was selected based on its molecular
weight (376 g/mol), which is similar to that of the dihydrate form of trehalose
(378.3 g/mol), and the fact that it is retained in the liposomes following synthesis
due to the lack of ionizable moieties which makes it membrane impermeable.
Hydration involved dispersal of the dry lipid film by repeated vortexing and
heating of the sample near 70 °C to form MLVs, which are composed of
between 5 and 20 bilayers (17), encapsulating water soluble compounds.
Heating above the Ty, of the lipid membrane (> 55°C) (19), ensures the
membrane is in a fluid state during hydration, helping to improve encapsulation
efficiency (16). Batches were left to stand overnight, referred to as aging, which
is suggested to improve the homogeneity of the MLV population.

Following hydration and aging, MLV suspensions were frozen in liquid nitrogen
then thawed in a 70 °C water bath. The freeze-thaw cycle was repeated five
times. Freeze-thawing helps to increase the interlamellar spaces reducing
osmotic imbalances between the interior and exterior environments caused by
decreased solute concentrations in the trapped buffer (2). In addition, the

freeze-thaw procedure results in an appreciable increase in trapped volume,
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improved trapping efficiencies and homogeneity of the size distribution of the
final suspension (2, 11). The MLV suspensions were reduced in size and
number of lamellae using the large unilamellar vesicle extrusion technique
(LUVET) (2, 10, 11, 20). MLVs were injected into the extrusion chamber
(Lipex™, Northern lipids Inc., BC, Canada) attached to a nitrogen gas cylinder
fitted with a high pressure regulator. Nitrogen pressure was applied at 100-400
Ib/in® forcing the MLVs through the extrusion chamber which was fitted with two
stacked 25 mm polycarbonate filters (Nuclepore Corp., CA, USA) with a 0.4 ym
pore size. The vesicles were collected from the outlet port and re-injected.
Extrusion was repeated between 6 and 10 times in order to obtain a log normal
size distribution. The extruder and buffers were warmed to 70 °C prior to
extrusion to increase membrane fluidity and ease of passage through the filter
pores to prevent clogging. Unencapsulated CF molecules were removed by
repeated centrifugation at 13 362 x g for 15 minutes and washing in buffer
devoid of marker and sugars. Washing in sugar free buffers was required for
separation due to the increased buoyancy of liposomes in the presence of
sugars. Final re-suspension of all liposome samples was in unmarked buffer
(no 5(6)-CF) but otherwise of equal composition to the entrapped buffer.
Liposome Characterization

Phosphate Assay

The phosphorus assay method of Fiske and Subbarow (21) was developed as a
modification of the methods of Bell and Doisy (22), Briggs (23) and Benedict

and Theis (24). It was used to determine total phosphate in the lipid formulation
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which was then used to calculate total lipid concentration based on the ratio of
DPPC to CL. In summary, reduction of phosphomolybdic acid by the catalyst 1-
amino-2-napthol-4-sulphonic acid and sulfite produces a blue substance in the
presence of phosphate that can be measured spectrophotometrically at 815 nm.
Fiske-Subbarow (21) reagent was prepared by the addition of 95 % 0.5 g of 4-
amino-3-hydroxy-1-naptholenesulfonic acid (Sigma Aldrich, ON, Canada), over
medium heat with mechanical stirring, to 200 ml of 15 % anhydrous sodium bi-
sulfite containing 1 g of anhydrous sodium sulfite. The solution was stored in a
borosilicate bottle and filtered prior to use to remove formed crystals.
Ammonium molybdate (2.2 g) was dissolved in concentrated sulfuric acid (20
ml) and diluted with distilled water to a final concentration of 0.22 %. Standard
solutions of sodium phosphate (3 mmol/L) ranging from 0-500 pl were prepared
in 20 ml PYREX round bottom test tubes. Depending on the final concentration,
5 -100 pl of liposome sample was used in the analysis of total phosphate, while
10 pl of DPPC stock solution diluted 1 in 100 followed by evaporation of the
organic solvent, was used as a control. For liposome samples synthesized with
SFM, a measured volume of SFM was run along with the samples to correct for
the presence of phosphates in the media. All other buffers used were devoid of
phosphates. Whenever possible, duplicates of DPPC stock solutions and
liposomes were prepared for the assay. Standards and controls were always
run in duplicate and the average absorbance calculated. Hydrolysis of the
phosphates was achieved by addition of 0.7 ml perchioric acid (70 %) to

standard, stock and sample preparations followed by heating to 190 °C for 1.5
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hours in an aluminium test tube rack using a dry heating block (DB-3A Techne,
Dri-Block, NJ, USA). Fiske-Subbarrow reagent (0.9 ml) and molybdate solution
(7 ml) were added to the cooled samples followed by heating in a boiling water
bath for 15-20 minutes. Heating develops the blue color of the
phosphomolybdic acid complex (24) which is stable at room temperature for
several hours (25, 26). Samples were contained within a perchloric acid
waterfall hood during the heating process due to the explosive nature of
perchloric acid in the presence of organics. The cooled samples were read
directly at an absorbance of 815 nm in 1.5 ml cuvettes using a
spectrophotometer (384 SpectraMax Plus, Molecular Devices Corp., CA, USA).
The phosphate concentration of liposome samples and DPPC stock solutions
were calculated from the absorbance reading using the linear regression
equation generated form the standard curve. The total lipid concentration (mM)
was then calculated from the phosphate concentration based on the percentage
of DPPC in the lipid formulation or DPPC stock solution (Eq 3.1):

total lipid concentration (mM) = (([P04] / Vs) / % P04) x 100 (Eq 3.1)
where [PQOy4] is the phosphate concentration (nmol) calculated from the
absorbance, V; is the volume (ul) of liposomes, DPPC stock or control used in
the assay and % PO, is the percent of DPPC in the sample which is 70 for
liposomes and 100 for DPPC stock solutions.
Sizing
The size and homogeneity of the final liposome preparation was determined

using a particle sizing system capable of submicron to millimetre measurements
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(Mastersizer Hydro 2000 SM, Malvern Instruments Ltd., Worcestershire, UK).
Liposomes suspended in their respective buffers were passed through a
focused laser beam (A=633 nm) and the angular intensity of scattered light was
measured by a series of photosensitive detectors. The scattering information
was processed by the Malvern software based on the principle of Mie scattering,
whereby the angle of scattered light is inversely proportional to particle size, to
produce a size distribution for the particles. Polystyrene (0.2 um and 0.4 uym)
and silica (0.8 pm) uniform microsphere size standards were used for
instrument calibration (Bangs Laboratories Inc., IN, USA) where the observed
and expected mean size of the microsphere distribution curves were used to
generate a standard curve. The regression equation from the standard curve
and the measured mean liposome size was then used to calculate the actual
liposome size by correcting for the error in the instrument. The refractive index
(RI) for the particles being measured and their dispersion buffers was required
to relate fluctuations in intensity to particle size and the RI depends on the
excitation wavelength. Because the dispersant solutions were very dilute, the
RI value for water (1.33) was used for all dispersion buffers (27), while 1.34 was
used as the particle RI for liposome samples, 1.59 for the 0.2 and 0.4 ym
polystyrene bead standards (28) and 1.5 for the silica bead standard. SPSS ®
12.0 for Windows ® (SPSS Inc., IL, USA) was the analytical software used for
the statistical analysis. Levene’s Test for Equality of Variance was used to
compare the mean of the liposome size distributions between batches of

liposomes while One Way Analysis of Variance using Bonferroni to test for
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multiple comparisons was used to compare the mean size distribution of
liposomes synthesized with and without sugars.

Flow Cytometry

The physical characteristics of dilute liposome particles were measured using
flow cytometry (FACSCanto, Becton Dickinson, NJ, USA).  Relative size and
granularity based on forward scatter and side scatter, respectively, were used
as indicators of liposome population distribution and homogeneity. Relative
fluorescence intensity of liposomes synthesized with CF, verified entrapment of
the hydration buffer within the aqueous core. Concentrated liposomes diluted

with filter sterilized unmarked buffers were used for the analysis.

3.3 RESULTS

Phospholipid Content

There is a strong linear relationship between phosphate concentration and
absorbance (Figure 3.1), with some deviation in the slope of the curve between
assays (Table 3.1). The absorbance was linear over the entire range tested
(0-1500 nmol PQO4). The variability between measured and expected lipid stock
concentrations is represented by the standard error of the average (Table 3.2).

Calculated lipid concentrations for liposome samples are summarized in Table

3.3.
Size Analysis
Eight batches of liposomes were synthesized in total over the course of the

study with a total of 30 individual samples. Representative microsphere size
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standard distribution curves generated from the Mastersizer are depicted in
Figure 3.2. The mean size of the distribution, referred to as the volume
weighted mean, for each standard is smaller than the expected mean (Table
3.4). Measured and corrected volume weighted means for each liposome
sample and the group average are summarized in Table 3.6(a), (b) and (c).
Refer to Figure 3.3 for the standard curve and regression equation used to
calculate the actual mean liposome size of the distribution from the measured
mean. The size distribution between batches of liposomes synthesized without
sugars and with trehalose or sucrose is illustrated in Figure 3.4. There is no
significant difference (p = 0.308, a = 0.05) in the mean liposome size from one
batch to the next when comparing size distributions between liposomes of the
same type. The size distribution of different types (sucrose, trehalose, no

sugar) of liposomes is illustrated in Figure 3.5. When comparing size

distributions between different types of liposomes, liposomes synthesized with
sugars have a mean size which is significantly smaller (p < 0.001, a = 0.05) than
liposomes synthesized without sugars. The results of the statistical analysis are
summarized in Table 3.5.

Flow Cytometric Analysis

The flow histograms and scatter plots for liposomes devoid of CF and
synthesized with 200 pmol/L CF are shown in Figures 3.6 and 3.7, respectively.
The scatter plot illustrates that there is a single distinct population. The
histograms confirm that the population is homogeneous with a normal

distribution (Figure 3.6(b) and 3.7(b)) and indicates entrapment of the CF
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marker (Figure 3.7(c)) in washed liposome samples. Figure 3.8 illustrates that
liposome fluorescence intensity increases with increasing CF concentration but
not lipid concentration. There is about a ten fold increase in the fluorescence
intensity of liposomes synthesized with 200 ymol/L CF compared to liposomes
synthesized with 20 umol/L CF. When the lipid concentration for each sample is
increased from 0.5 mmol/L to 1 mmol/L the fluorescence intensity does not

increase.

3.4 DISCUSSION

The techniques used to characterize liposomes demonstrate sample
reproducibility, confirm encapsulation and allow quantitative measure of the final
product. There is a strong positive linear correlation between phosphate
concentration and absorbance indicated by the high R? values generated from
the phosphate assay standard curve. Deviations in the slope of the curve
reiterates the importance of running a new set of standards for preparation of a
new standard curve, along with controls, each time the assay is performed. The
good linear fit of the curve ensures accuracy of the sample absorbance in
relation to phosphate concentration. The difference between expected and
measured DPPC stock solutions indicates there is variability, represented by the
standard error, resulting either from the preparation of the stock solution or the
phosphate assay itself (Table 3.2). Concentrated stock solutions are solubilized
with concentrated chloroform which is subject to fast evaporation. Evaporation

may explain the deviation from the expected starting concentrations. Similarly,
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volume measurement error during preparation of stocks or dilution to working
concentrations as well as loss of lipid during experimental setup, may contribute
to the observed variability. Stock concentrations are an important factor due to
the built in assumption for the calculation of total lipid, which assumes a lipid
composition consisting of 70 % DPPC (Eq 3.1). As a result there is some
variability associated with total lipid estimates based on the phosphate assay.
Variability between liposome samples (Table 3.3) is expected because total lipid
will be influenced by the final concentration on re-suspension of the washed
product in outside buffer and measured volumes are not used for re-suspension.
While the phosphate assay does not allow direct measure of liposome
concentration, it does provide a method that can be used experimentally to
control the amount of lipid, a measure which is determined based on the amount

of lipid required to see the desired effect. A concentration value would be the

preferred measurement however, determining the concentration of
nanoparticles is difficult due to the lack of sensitivity of instrumentation in the
nanometer scale range where background interference is a problem.

Size characterization validates the size reproducibility of the LUVET technique
between batches of liposomes. By synthesizing liposomes of a reproducible
size we can assume that the encapsulation volume is also consistent between
batches, an important factor when looking at dose response. This is also
important when considering lipid concentrations for experimental procedures
because with a reproducible size, lipid concentration measurements would

correlate better with respect to the number of liposomes and make experimental
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comparisons possible. The corrected values for liposome size are considered
to be a more accurate measurement than those calculated by the instrument
because the size of the microsphere beads used in the calibration are based on
certificates of analysis. Statistical analysis of the sizing results show that
inclusion of low concentrations of sugars in the hydrating buffer produces
liposomes with an average size close to that expected using extruder
membranes with a pore size of 400 nm. Liposomes synthesized without sugars
are on average significantly larger than expected. Trehalose in particular has
been shown to increase the packing density of polar headgroups of
phospholipids in unilamellar vesicles (29) which may account for this size
difference. It is not known if increasing the concentration of sugars has any
influence on size but the size variability of liposomes prepared with different

hydration buffers is of notable importance when developing procedures to

maximize the intraliposomal concentration of trehalose and the volume
entrapped. The size histograms also provide information about the liposome
population confirming that the extrusion technique produces a homogenous
population with a log normal distribution.

Flow cytometric analysis of the liposome population was the final technique
used to characterize the synthesized product. The liposome flow histograms
(Figure 3.6(b) and 3.7(b)) and the scatter plots (Figure 3.6(a), 3.7(a)) re-confirm
the homogeneity and normal distribution of the liposome population. The
fluorescence intensity of the histogram (Figure 3.7(c)) confirms encapsulation of

the CF marker. Furthermore, Figure 3.8 confirms that increasing the CF
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concentration of the hydrating buffer results in an increase in fluorescence
intensity of the liposome population that is detectable by flow cytometry. An
increase in fluorescence intensity is not detectable as the lipid concentration
increases, indicating that the instrument is capable of detecting single particles
in the nanoscale size range (Figure 3.8).

The relatively low trapped volumes (<30 %) that can be achieved using the
extrusion synthesis technique have been detailed elsewhere (11, 30) and are a
source of concern. Although liposomes used in previous studies were smaller
(100 nm) than liposomes synthesized in this study, low encapsulation
efficiencies could be problematic when considering our application. Additional
concerns are the use of chloroform to solubilize DPPC and CL and producing
sterile liposomes of the required size. While the lyophilization step should

ensure the removal of residual chloroform, the use of organic solvents runs the

risk of being potentially toxic. Sterile filtering of liposomes > 150 nm is not
possible therefore aseptic techniques would be required (16). Autoclaving may
be an option however lipid degradation may occur. The sterility factor along
with the high cost of commercially available lipids has poor economic feasibility.
These are all issues which need to be addressed when developing a clinically

acceptable process and require early consideration.

3.5 CONCLUSION

The LUVET technique for liposome synthesis is a relatively straightforward

procedure that results in a reproducible product that helps to ensure a standard
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of quality between samples. The phosphate assay, although indirect, provides a
method of quantitative measure to control the amount of liposomes used
experimentally. The size reproducibility combined with the phosphate assay
allows some degree of experimental comparison. The flow cytometric and
sizing methods ensure that the synthesis technique produces a single normally
distributed population of liposomes. The ability of the flow cytometer to detect
nanometer size particles and discern between particles of increasing intensity
makes it a powerful tool for looking at transfer of liposomal contents into cells.
This is a promising outcome because flow cytometry will be the method used to
evaluate the interaction between cells and liposomes. Overall, the LUVET
technique combined with the versatility of liposomes, allows easy alteration of
the aqueous composition without changing the methods of characterization.

This may prove to be important when it comes to optimizing the delivery of

liposomal contents.

The generality and reproducibity of the LUVET approach to liposome synthesis
will allow one to take full advantage of the versatility of liposomes, enabling
alteration of the lipid composition and aqueous contents if required. Increasing
the intraliposomal concentration of trehalose and changing the surface charge
and composition of the membrane may be required for application purposes.
Lipid membrane charge and composition influence the ease with which
liposomes and cells interact and even the mechanism of interaction, both factors

which need to be considered when trying to maximize intracellular delivery (14,

31).
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The development of methods to measure intraliposomal trehalose concentration
and trapping efficiency would also be of considerable value and are techniques
which are currently being developed in our laboratory by Jelena Holovati (32). A
direct measure of liposome concentration would assist in this goal and provide a
more accurate measure of trapping efficiency and intraliposomal trehalose
concentrations than the theoretical calculations which are usually employed.
The accuracy of measuring liposome concentration and entrapment is further
complicated by the log normal distribution of the liposome population. While
numerous factors need to be taken into consideration, the establishment of a
reliable and reproducible liposome synthesis technique provides a firm
foundation for conducting investigations into the interaction between liposomes

and cells in vivo.
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Table 3.1: Phosphate assay standard curve linear regression results.

Liposome Batch # R*Value Regression Equation
L5-L7 0.9995 y = 0.0024x + 0.0125
L8 0.9939 y = 0.0023x + 0.0093
L9 0.9956 y = 0.0022x + 0.0088
L10 0.9997 y = 0.003x + 0.0144
L11 0.9954 y = 0.0021x + 0.1265
L12 0.9977 y = 0.003x + 0.0224

Table 3.2: Average DPPC lipid stock solution concentrations.

Expected Phosphate

Calculated Phosphate

Concentration Concentration * SE Sample Size (n)
(mg/ml) (mg/ml)
100 125.7 £ 0.9 2
200 220.3 £ 14.1 8
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Table 3.3: Phosphate assay results. Calculated lipid concentrations for

liposome samples.

Liposome Batch | Hydration Buffer | Lipid Concentration
(mmol/L)

L5 NaCl 18.7
L5 NaCl/sucrose 17.6
L5 NaCl/trehalose 16.0
L6 NaCl 33.9
L6 NaCl/sucrose 30.6
L6 NaCl/trehalose 36.7
L7 NaCl 56.3
L7 NaCl 450
L7 NaCl/sucrose 28.8
L7 NaCl/trehalose 42.5
L8 KCI 86.4
L8 KCI 73.7
L8 KCI 79.4
L8 KCI 854
L8 KCI 96.7
L8 KCI 41.9
L8 KCI 54.2
L9 HBSI 111.2
L9 HBSI 90.7
L9 HBSI 76.3
L9 HBSI 111.3
L9 HBSI 107.8
L9 HBSI/sucrose 118.2
L9 HBSI/trehalose 126.8
L10 SFM/trehalose 44.0
L10 SFM/trehalose 87.1
L10 SFM/trehalose 93.7
L10 SFM/trehalose 107.0
L11 SFM/trehalose 133.5
L11 SFM/trehalose 104.5
L12 SFM/trehalose 87.3
L12 SFM/trehalose 63.8
L12 SFM/trehalose 60.1
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Table 3.4: Mean size distributions for synthetic beads used for standardization.

Expected Bead Size (hm) | Average Measured Bead Sample Size (n)
Size  SE (nm)
200 136 £ 0.7 7
400 306 £5.3 6
800 757 £3.7 7

Table 3.5: Statistical analysis of mean size distributions between groups of

liposomes.
P-values No Sugar Sucrose Trehalose
No Sugar — 0.000* 0.000*
Sucrose 0.000* — 0.308
Trehalose 0.000* 0.308 —
* The mean difference is significant at the 0.05 level
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Table 3.6: Mean liposome size distributions. Measured, standardized, and
average (x SEM) size of liposomes prepared (a) without sugar, (b) with
trehalose or (c) with sucrose.

(a) Sugar-free Liposomes

Mean Liposome Size Distribution
(nm)

Measured Standardized
566 626
523 584
461 525
437 502
565 625
537 598
556 616
563 623
548 608
546 606
544 605
583 642
574 633
573 632
559 619
530 591

542 ¥ 10.0 (n=16) | 602 £ 9.5 (n=16)

(b) Trehalose Liposomes

Mean Liposome Size Distribution
(nm)

Measured Standardized
469 533
376 444
381 449
361 430
436 501
430 496
394 461
401 468
395 462
415 481

406 ¥ 10.2 (n=10) | 473 ¥ 9.7 (n=10)
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(¢) Sucrose Liposomes

Mean Liposome Size Distribution
(nm)
Measured Standardized
393 460
353 422
373 441
362 431
370 * 8.6 (n=4) 439 * 8.2 (n=4)
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Figure 3.1: Phosphate assay standard curve. Calculated phosphate
concentration of liposome samples based on absorbance at 815 nm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

78



25 e Distribution
S 20
oS 4 !
Py 15 200 nm
5 0 ﬁ 400 nm
3 5 é;«j‘ 800 n

.57 10 100
Particle Size (um)

Figure 3.2: The microsphere size standard distribution curves
generated from the Mastersizer.
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Figure 3.3: Sizing standard curve. A comparison between the mean
measured size of synthetic size standards with the mean expected size.
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Figure 3.4: Size distribution curves between batches of liposomes
synthesized (a) without sugar, (b) with trehalose, and (c) with sucrose.
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Figure 3.5: The size distributions of different types of liposomes.
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Figure 3.6: Scatter plot (a) and flow histograms (b), (c) for liposomes
synthesized to contain SFM (no CF).
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Figure 3.7: Scatter plot (a) and flow histograms (b), (c) for liposomes
synthesized to contain 200 pmol/L 5(6)-CF and 0.2 mol/L trehalose.
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Figure 3.8: Fluorescence intensity of variable concentrations
of liposomes synthesized with 20 umol/L and 200 pmol/L CF.
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CHAPTER 4

CHARACTERIZING THE RESPONSE OF TF-1 CELLS TO LIPOSOMES

4.1 INTRODUCTION

In the previous chapter techniques were established to synthesize and
characterize liposomes containing trehalose. This was a fundamental precursor
to the investigation into the interaction between cells and liposomes in vitro
because the methods developed allow for the controlied synthesis of a
reproducible product with measurable characteristics. Quantifiable properties
are a necessary component to ensure a standard of quality between
preparations and to provide a means to allow for experimental comparisons.

In order to determine if liposomes are an effective tool for the intracellular
delivery of the membrane impermeable molecule trehalose, it is necessary to
identify the parameters which influence liposome-cell interactions. An increase
in cellular fluorescence intensity is detectable by flow cytometry and therefore
was used as the primary indicator of liposome-cell association. Although
measuring cellular fluorescence intensity is an indirect approach to gage the
liposomal delivery of trehalose, the shared properties of trehalose and
carboxyfluorescein provided the rationale for the experimental approach. The
merit of using fluorophores as surrogates to trehalose uptake has been
demonstrated (1). Trehalose and 5(6)-carboxyfluorescein are similar in
molecular weight, both have neutral charge densities, are soluble in aqueous

solutions, and considered membrane impermeable which would facilitate
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retention of both molecules within the intraliposomal compartment. The purpose
of this study was twofold: to assess the effect of time, temperature and
liposome concentration on liposome-cell interaction and to characterize the
effect of liposome-cell interaction on cell membrane integrity and the expression

of surface antigens involved in differentiation and proliferation.

4.2 METHODS

Cell Handling

TF-1 cells were cultured according to a standard protocol (see Appendix A) and
maintained between 2 x 10* cells/ml and 4 x 10° cells/ml. All cell suspensions
used in liposome experiments were washed 3 times with SFM by centrifugation
(Sorvall 5810R, Eppendorf, Hamburg, Germany) at 100 x g for 5 minutes each
at room temperature (RT, 22 °C). Washed cell suspensions from separate
flasks were combined and concentrated to between 2 x 107 cells/ml - 5 x 10’
cells/ml. All experimental samples were prepared in 35 mm non-tissue culture
treated Petri dishes (Becton Dickinson (BD) Biosciences, CA, USA) by dilution
of concentrated cell suspensions to a final working concentration of about 2 x
10° cells/ml in SFM supplemented with 0.2 mol/L trehalose. Following
experimental manipulation cell suspensions were transferred to 1.5 ml
microtubes and centrifuged at 300 x g and 4 °C for 5 minutes. After the initial
centrifugation step, cell supernatant was decanted and the cells re-suspended
in cold (4 °C) SFM and washed by centrifugation. Cold spins were found to

improve the formation of a cell pellet at low cell numbers (2 x 108 cells) and
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small volumes. Low temperatures also slow metabolic and other biochemical
processes such as endocytosis. Endocytosis has been correlated with the
uptake of fluid neutral liposomes (similar to those used in this study) by
nucleated mammalian cells (2, 3), therefore cold spins were employed to
essentially stop or a least slow liposome-cell interactions at the end of the
experimental period. Washing by centrifugation was repeated a total of 3 times
to ensure removal of liposomes from the cell suspension. Due to cell loss
during processing (centrifugation/washing), cells were re-suspended to a final
volume of 500 ul with SFM so cell concentrations were adequate for analysis by
flow cytometry. All samples were kept in the dark on ice and assessed for
change using flow cytometry (FACSCanto, BD Biosciences, CA, USA) (see
Appendix A). All liposomes used in these experiments were synthesized to
contain 0.2 mol/L trehalose and either 20 pmol/L or 200 pmol/L CF unless
stated otherwise. Measurements for liposome concentrations (mmol/L lipid)
used in the following experiments were based on the phosphate assay (Chapter
3). Any deviations from this procedure are indicated. TF-1 cells maintained in
SFM under the same conditions with respect to incubation time and temperature
but without exposure to liposomes, were run in parallel for each experiment and
are referred to as untreated controls.

Temperature

For temperature analysis experiments, all buffers were chilled on ice prior to
use. Liposomes, containing either 20 ymol/L or 200 umol/L CF, were added to

the cell suspensions in non-tissue culture treated Petri dishes at lipid
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concentrations of 0.5 mmol/L or 1 mmol/L. All experimental preparations were
mixed well by pipetting. Samples were incubated for 3 hours at 0 °C, 22 °C or
37 °C then processed according to the above protocol.

Liposome Concentration

To look at the effect of liposome concentration on fluorescence transfer into
cells, working concentrations of TF-1 cells were prepared in duplicate with
liposomes containing either 20 pmol/L or 200 umol/L CF at lipid concentrations
of 0.5, 1, 2, 3, or4 mmol/L. Samples were incubated at 37 °C for 4 hours before
processing.

Immunophenotyping

In a separate experiment the effect of increasing liposome concentration (0.5 —
4 mmol/L) on TF-1 cell antigen expression and membrane integrity was
determined following incubation at 37 °C for 2 hours. The rationale for antigen
selection is discussed in Appendix A. Liposomes were synthesized to contain
0.2 mol/L trehalose and were devoid of CF marker. Liposomes devoid of CF
were required because the monoclonal antibody for CD34 used in this
experiment alone was conjugated to fluorescein isothiocyanate (FITC) and is
not compatible with other fluorescein molecules such as CF. The CD34
monoclonal antibody used in all other immunophenotyping experiments was
conjugated to peridinin chlorophyll protein (PerCP), however PerCP cannot be
used in conjunction with the membrane integrity marker 7-amino-actinomycin D
(7-AAD) due to spectral overlap. At the end of the incubation period cells were

processed as usual but washed only once after the initial centrifugation step.
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Cell washing by centrifugation following incubation with liposomes was
minimized in order to reduce the stress imposed on the cells prior to
immunophenotyping analysis, which requires additional washing by
centrifugation a minimum of two times. A pre-determined concentration of
monoclonal antibodies for CD33-PE, CD34-FITC and CD71-APC was then
added to each sample (see Appendix A). Cell suspensions were incubated on
ice for 30 minutes then washed by centrifugation 2 times at 300 x g for 5
minutes each to remove unbound antibody. For a detailed description of the
immunophenotyping protocol refer to Appendix A. Membrane integrity was
determined by the addition of 20 ul of 7-AAD just prior to flow cytometric
assessment.

TF-1 cell antigen expression following 5 hour incubation with 3 mmol/L lipid at
either 22 °C or 37 °C was also determined by immunophenotyping. Liposomes
used in this experiment contained 200 pymol/L CF. Processed samples were
labeled with CD33-PE, CD34-PerCP and CD71-APC.

Temporal Analysis

The effect of incubation time on cellular fluorescence intensity was assessed
following incubation at 37 °C with liposomes containing 200 umol/L CF. Cell
suspensions for each time point were prepared in duplicate and incubated with
3 mmol/L lipid for 5 minutes, 30 minutes, 1, 2, 3, 4, or 5 hours before
processing. Duplicate samples were also prepared with liposomes and held at

0 °C for 5 hours. Processed samples were kept on ice in the dark until samples
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for all time points had been collected, at which point cellular fluorescence was
assessed using flow cytometry.

Cellular Response to Free CF

The response of TF-1 cells to free CF was determined following a 5 hour
incubation of cells at 37 °C in decreasing concentrations of extracellular, free
CF. Incubation solutions were prepared by serial dilution (1:1) of SFM
supplemented with 0.2 mol/L trehalose and 20 umol/L CF. Controls were also
prepared to look at the effect of incubation temperature (0 °C, 22 °C and 37 °C)
on cells exposed to 20 ymol/L CF for 5 hours. Cells were processed as usual
and cellular fluorescence intensity assessed using flow cytometry.

Liposome Leakage

In order to determine whether free CF remains in the extraliposomal buffer
following liposome synthesis and washing, liposomes containing 200 pmol/L CF
were diluted to 3 mmol/L lipid in SFM and incubated at 0 °C, 22 °C or 37 °C for
5 hours. Another sample of liposomes diluted to 3 mmol/L lipid in SFM was
plunged into liquid nitrogen until frozen then thawed in a 70 °C water bath. The
freeze-thaw procedure was repeated a total of six times to facilitate the release
of intraliposomal contents. When the incubation period was complete all
samples, including the freeze-thaw sample, were transferred to 1.5 ml centrifuge
tubes and centrifuged for 15 minutes at 13,332 x g. The supernatant was
collected and centrifuged for another 15 minutes at 13,332 x g. This process
was repeated until there was no visible sign of a liposome pellet in the

supernatant.  Concentrated TF-1 cells were added to each liposomal
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supernatant so final cell concentrations were 2 x 10° cells/ml. The addition of
cells to the liposomal supernatants was required for gating purposes in order to
acquire information related to the fluorescence intensity of non-particulate
matter using flow cytometry (see Appendix A). Cell suspensions were kept on
ice in the dark and assessed using flow cytometry. The cellular fluorescence
intensity was measured and used as an indication of the fluorescence intensity

contributed by the liposomal supernatants.

4.3 RESULTS

For each experiment the autofluorescence of untreated TF-1 cells was
subtracted from the mean cellular fluorescence intensity of treated cells.
Therefore, the mean cellular fluorescence intensity that is reported is a direct
result of the treatment condition.

Temperature Analysis

The cellular fluorescence intensity of TF-1 cells following a 3 hour incubation at
0 °C, 22 °C or 37 °C with liposomes containing 20 pmol/L CF either at lipid
concentrations of 0.5 mmol/L or 1 mmol/L lipid is illustrated in Figure 4.1(a).
The autofluorescence of untreated TF-1 cells is represented by the shaded
histogram and the liposome treated cells are represented by the line
histograms. There is no detectable increase in cellular fluorescence intensity
following incubation with liposomes containing 20 ymol/L CF, regardless of the
incubation temperature. When TF-1 cells are incubated under the same

conditions (time, temperature and lipid concentration) but with liposomes
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containing 200 ymol/L CF, there is a detectable increase in mean cellular
fluorescence intensity with treatment (Figure 4.1(b)). Increasing both the
liposome concentration and the incubation temperature contributes to the
increase in mean cellular fluorescence intensity (Figure 4.2). There is nearly a
100 fold increase in intensity from 0 °C to 37 °C with 0.5 mmol/L lipid and nearly
a 200 fold increase over the same temperature spread with 1 mmol/L lipid. At O
°C the difference in mean cellular fluorescence intensity between liposomes
prepared with 20 ymol/L CF and 200 umol/L CF is small.

Liposome Concentration

An investigation into the effect of lipid concentration on cellular fluorescence
intensity is illustrated in Figure 4.3 and 4.4. Mean cellular fluorescence intensity
increases with increasing lipid concentration following a 4 hour incubation of TF-
1 cells with liposomes containing either 20 ymol/L CF (Figure 4.3(a)) or 200
pmol/L CF (Figure 4.3(b)). The increase in fluorescence intensity is seen as a
right shift in the flow histograms, relative to the untreated control (shaded
histogram), as lipid concentration increases. The increase in mean cellular
fluorescence intensity of cells incubated with liposomes containing 20 pmol/L
CF is small relative to the autofluorescence intensity (Figure 4.3(a)). Lipid
concentrations =2 mmol/L are required for a detectable increase in mean
cellular fluorescence above autofluorescence (Figure 4.4). The increase in
mean cellular fluorescence intensity of cells incubated with liposomes containing
200 umol/L CF is easily detectable above the cell autofluorescence (Figure

4.3(b)) and the intensity increases with each increase in lipid concentration
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(Figure 4.4). There is a strong positive correlation between lipid concentration
and mean cellular fluorescence intensity. The magnitude of the increase is also
dependent on the concentration of CF inside the liposomes.

Temporal Analysis

The effect of liposome-cell incubation time on cellular fluorescence intensity is
depicted in Figure 4.5 and 4.6. The mean cellular fluorescence intensity of cells
incubated with liposomes containing 200 ymol/L CF at a concentration of 3
mmol/L increases with incubation time at 37 °C. The increase in intensity above
the cells autofluorescence with time is illustrated in Figure 4.5 where cellular
autofluorescence is indicated by the shaded histogram. Figure 4.6 is the
graphical representation of the temporal response. The cellular fluorescence
intensity reaches 50 % of the maximum value in less than 1 hour and starts to
plateau around the 4 hour mark. Cells exposed to 3 mmol/L lipid at 37 °C for 5
hours have a mean cellular fluorescence intensity about 7 times greater than
cells exposed to 3 mmol/L lipid at O °C for 5 hours, reiterating that cell-liposome
interaction is temperature dependent.

The Effect of Liposomes on Antigen Expression

TF-1 cell antigen expression following incubation with increasing concentrations
of liposomes is illustrated in Figure 4.7. There is no visible change in the
expression of CD34, CD33 or CD71 antigens following a 2 hour incubation of
cells with unmarked (no CF) liposomes, regardless of lipid concentration (0.5
mmol/L - 4 mmol/L). Cell membrane integrity was also assessed following

treatment with increasing lipid concentration and the results are summarized in
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Table 4.1. The average percentage of cells with intact membranes following
liposome treatment at concentrations up to 4 mmol/L, is > 95 £ 0.7. Antigen
expression and cell membrane integrity does not change following short term (2
h) incubation with liposomes, regardless of the lipid concentration.

TF-1 cell antigen expression following incubation at 22 °C or 37 °C with
liposomes containing 200 umol/L CF for 5 hours at a concentration of 3 mmol/L
lipid, is illustrated in Figure 4.8. When compared to untreated cells there is an
increase in mean cellular fluorescence intensity along the CF axis with
increasing temperature, indicating CF is associated with the cell population.
The increase in intensity is greater for cells incubated with liposomes at 37 °C
compared to cells incubated with liposomes at 22 °C. There is a decrease in
the expression of CD71 cell proliferation marker and CD34 differentiation
marker in a small percentage of the population. The percentage of the cell
population not expressing CD71 increases from 0.7 % in the control group, to
4.5 % and 4.9 % following exposure to liposomes for 5 hours at 22 °C and 37
°C, respectively. Under the same conditions, the percentage of the cell
population not expressing CD34 increases from 3.3 % in the control group to 4.2
% and 10.2 % in cells incubated at 22 °C and 37 °C, respectively. While =99 %
of the cell population expresses the CD33 cell lineage marker, regardless of the
condition, there is clearly the appearance of a small second population in the 37
°C treatment group which has decreased CD33 antigen expression. This is
indicated by the decrease in intensity along the CD33 axis so that a small

portion of the cell population is situated within the second log phase of the
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quadrant histogram. This discrete but small cell population is only apparent in
the 37 °C treatment group but not in the 22 °C treatment group or the untreated
control group.

The Response of TF-1 Cells to Free Fluorophore

When cells are incubated at 37 °C with SFM containing 20 pmol/L CF, there is a
rapid increase in mean cellular fluorescence intensity with time (Figure 4.9).
The intensity reaches 50 % of the maximum value within 10 minutes and starts
to plateau around the 30 minute mark. There is also a corresponding increase
in mean cellular fluorescence intensity with increasing concentration of free
fluorophore (Figure 4.10) which is highly linear, R? = 0.9974 (Figure 4.11).

Flow cytometric analysis of TF-1 cells suspended in liposomal supernatants is
illustrated in Figure 4.12. A detectable increase in mean cellular fluorescence
intensity above the level of autofluoresence, in cells suspended in liposomal
supernatant, is an indication that some unencapsulated CF remains in the
extraliposomal buffer following liposome synthesis and washing, or that
liposomes are not stable and leakage of intraliposomal contents is occurring
over time. The amount of CF in the extraliposomal buffer does not appear to be
strongly temperature dependent because there is only a small detectable
increase in the mean cellular fluorescence intensity when comparing the
supernatants of liposomes incubated at increasing temperature for 5 hours.
There is a 20 fold increase in the fluorescence intensity in cells suspended in

liposomal supernatant following freeze-thaw when compared to the
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fluorescence intensity in cells suspended in the liposomal supernatant of

unfrozen liposomes.

4.4 DISCUSSION

Temperature Response

Parameters that influence the interaction between liposomes and TF-1 cells are
incubation time and temperature as well as liposome concentration. Cell-
associated fluorescence increased with increasing incubation temperature. At 0
°C cell-associated fluorescence is markedly reduced, increases at 22 °C and is
highest following incubation with liposomes at 37 °C (Figure 4.2). Factors which
may be contributing to the observed temperature dependence are changes in
the lipid membranes of cells and liposomes as well as changes in biochemical
processes as temperature increases. A temperature sensitive response to
cellular uptake of liposomes has been observed in 3T3 fibroblasts which
incorporate liposomes almost exclusively by endocytosis (3). With evidence in
the literature to support the observed temperature dependence of liposomal
uptake into nucleated mammalian cells (3), it is clear that incubation
temperature is an important variable affecting liposome-cell interaction.
Temporal Response

The temporal analysis shows that cell associated fluorescence increases with
incubation time following exposure to liposomes (Figure 4.6). The observed
temporal response is slower with liposomes (Figure 4.6) than with free CF

(Figure 4.9). The difference in temporal response may be attributed to a
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concentration effect, when comparing CF concentrations in a solution of free
fluorophore (20 pmol/L) to the relatively small volume assumed to be
encapsulated within each liposome. However, the difference in temporal
response between the two groups may be considered evidence in support of the
hypothesis that liposomes are contributing to the observed increase in cellular
fluorescence intensity and the response is not just an artifact of free CF. A
temporal response which correlates well with the results of this study has been
observed in cultured mammalian cells, with rapid uptake of liposomes within 2
hours, after which uptake leveled off and reached a plateau within 3 to 8 hours
depending on cell type (2). The time sensitive nature of liposome-cell
interaction observed here and elsewhere, reiterates the importance of defining
the parameters which influence the interaction in order to design protocols
which promote enhanced delivery of the target molecule.

Liposome Concentration

Another variable which influences liposome-cell interaction is the liposome
concentration. As the concentration of liposomes increases there is a
corresponding increase in the cell associated fluorescence which is an
indication that when the liposome to cell ratio increases, the number of
liposome-cell associations also increase. Cultured mammalian cells have been

described by Poste, et al. as “display[ing] a remarkable appetite for lipid

vesicles” (2).
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Antigen Expression and Cytotoxicity

Differences in antigen expression of TF-1 cells incubated with liposomes were
seen after 5 hours (Figure 4.8) but not after 2 hours (Figure 4.7). Due to the
small sample size, we cannot conclude that the slight decrease in CD34 and
CD71 expression following a 5 hour liposome treatment was in response to
liposome-cell interaction. Expression of the CD71 transferrin receptor protein,
which is essential for cell growth, has been shown to increase or decrease
during different phases of the cell cycle (4, 5). Experimental evidence of this
has been observed in TF-1 cells during routine immunophenotyping (Appendix
A, Figure A4). The observed loss of CD34 expression may be attributed to the
less than ideal incubation conditions in the absence of growth factor and serum
protein, however the untreated samples were also incubated for 5 hours in SFM
without growth factor or serum with no evident changes in CD34 expression.
SFM media was required because the presence of sera have been shown to
interact with liposomes causing loss of stability, leakage of liposomal contents
and an alteration in the pattern of liposome-cell interactions (6, 7).

Reasons for the appearance of a small population of cells with reduced
expression of CD33 can only be speculated. Liposomes are known to interact
readily with proteins (2, 8, 9) and the exchange of liposome and cell membrane
components has been observed (9). These interactions may result in the
masking of surface antigens or a loss of antigen receptor proteins from the cell
membrane. The observed differences in expression may also be explained in

response to changes in cell membrane surface area, caused by the invagination
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and pinching off of the cell membrane as liposomes are engulfed by the cell
during endocytotic processes. Further experimentation is clearly necessary to
support any of these explanations or even confirm that the observed changes
are liposome related.

Immunophenotypic analysis (Figures 4.7 and 4.8) shows that the majority of the
TF-1 cell population can tolerate incubation with high concentrations (4 mmol/L)
of liposomes over a relatively short period of time (5 hours) without loss of
membrane integrity or the expression of important antigens involved in
determining cell fate in relation to cell lineage and the capacity to proliferate and
differentiate. Cultured mammalian cells have been shown to easily incorporate
1 x 10° = 5 x 10° liposomal vesicles/cell without cell viability or proliferation
being impaired (2). While we are unable to compare this dose response in
relation to lipid concentrations used in this study, at lipid concentrations of 4
mmol/L there is no observed difference in cell membrane integrity when
comparing untreated cells to liposome-treated cells after 2 hours. It is possible
that cells could tolerate even higher concentrations of liposomes, however,
there is likely a fine balance between maximum tolerable lipid concentrations
and cytotoxicity, which would need to be determined. Another important
observation from the immunophenotyping analysis is that the cells which exhibit
normal antigen expression are also positive for CF (Figure 4.8), suggestive of
liposome-cell association.

The interaction between lipid vesicles and cultured mammalian cells, as

summarized by Poste and Papahadjopoulos (10), may involve any or a
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combination of the following mechanisms: (i) fusion of vesicles with the plasma
membrane; (ii) incorporation of intact vesicles by endocytosis; (iii) exchange of
phospholipids between the vesicle membrane and the plasma membrane; and
(iv) adsorption of vesicles or fragments of vesicle membrane to the cell surface
without true incorporation. The mechanism(s) of interaction between liposomes
and cells used in this study is unkown and requires further experimentation.
Intraliposomal Concentration

Another observed response that merits discussion is the increase in cellular
fluorescence intensity with liposomes synthesized to contain 200 uymol/L CF in
comparison to liposomes containing 20 ymol/L CF. In general, the higher
concentration of CF was required for detection using flow cytometry. This is a
result of the cellular autofluorescence which interferes with detection of the CF
fluorophore at lower concentrations. The increased cell-associated
fluorescence observed with liposomes containing high concentrations of intra-
liposomal CF is not a result of an increase in liposome-cell association because
there is a consistent relationship between lipid concentration and intraliposomal
CF concentration (Figure 4.4). Based on this outcome an obvious way of
increasing delivery of the target molecule would be to increase the
concentration of the target molecule contained inside the liposomes. This is
another important factor that requires consideration when trying to optimize

delivery.
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Incorporation of Free Fluorophore

One important factor that cannot be ignored is the observed uptake of free CF
by TF-1 cells (Figure 4.9 and 4.10). To further complicate this matter it is clear
that free fluorophore remains in the extraliposomal buffer following liposome
synthesis and washing (Figure 4.12). The amount of free fluorophore in the
extraliposomal buffer does not appear to be strongly temperature dependent.
There is only about a 1 % increase in the amount of CF found in the
extraliposmal buffer with each temperature increase. This provides evidence
that the increase in cellular fluorescence intensity with increasing incubation
temperature is not due to a sudden release of CF from the aqueous core of the
liposomes resulting from a change in lipid membrane permeability at higher
temperatures. It is possible for trapped aqueous markers to leak from
liposomes with the effect being most prominent around the Tr, (9). The Ty, of
fluid neutral liposomes containing DPPC and CL is around 57 °C (11) so a rapid
loss of intraliposomal contents at 37 °C would not be expected. In addition, the
inclusion of CL in the lipid formulation broadens the Tm of phospholipids (9) and
decreases the fluidity and permeability of the lipid membranes above their T,
(12), adding to the stability of liposomes and the retention of their aqueous
contents. Although detectable concentrations of free CF are found in the
extraliposomal buffer, the majority of the CF is entrapped and contained within
the liposomes. This is clearly demonstrated by the fluorescence intensity of the
freeze-thaw supernatant which is nearly 20 times greater than that found in the

extraliposomal buffer (Figure 4.12).
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Based on the amount of CF found in the liposomal supernatant, the contribution
is potentially significant when considering the cell associated fluorescence
following liposome treatment. That being said, the mean cellular fluorescence
intensity is greater in washed cells following exposure to 3 mmol/L lipid for 5
hours (Figure 4.4) than the fluorescence intensity found in the supernatant alone
(Figure 4.12). This observation provides evidence that the liposomes must be
contributing to the cell associated fluorescence. Considering the size of the
liposomes and the small aqueous volume they are capable of entrapping, it is
not surprising that this difference is small relative to the total fluorescence.
While there is still the confounding factor of free uptake, the observed results

support the possibility of liposomal delivery into TF-1 cells.

4.5 CONCLUSIONS

Parameters that influence liposome-cell interaction have been identified. The
transfer of fluorescence from liposomes to TF-1 cells is a temperature-, time-
and concentration-dependent process. Increasing both the concentration of
liposomes and the concentration of the target molecule contained within the
liposomes results in an increase in cellular fluorescence. TF-1 cell membrane
integrity and the expression of surface antigens involved in cell proliferation and
differentiation is well maintained following incubation with specified
concentrations of liposomes and for a period of time which is conducive to
cellular uptake. The presence of residual CF in the extraliposomal buffer in

addition to the cells ability to take up free CF makes it difficult to discern
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between cellular fluorescence resulting from free CF and cellular fluorescence
resulting from liposome-cell interaction. The temporal analysis and the increase
in cell-associated fluorescence above that contributed by free CF in the
extraliposomal buffer, provides supporting evidence that liposomes are the
dominant factor contributing to cellular fluorescence. However, because the
uptake of free CF is also a factor, it is difficult to determine the concentration
directly related to liposomes. The extent of liposome-cell interaction, the
mechanism(s) of interaction and the liposome encapsulation efficiency is yet to
be determined and is not possible with the methods employed here. It is not
unreasonable to suspect that if membrane impermeable solutes in the aqueous
solution can be taken into the cells that liposomes within the extracellular milieu
can also be taken into the cells, whether the mechanism of entry be the same or

different is unclear and surpasses the exploration of this study.
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Table 4.1: TF-1 cell membrane integrity: post-liposome treatment. TF-1 cell
membrane integrity (7-AAD) following a 2 hour incubation with increasing
concentrations of liposomes containing 0.2 mol/L trehalose.

Lipid Cell
Concentration | Membrane
(mmol/L) Integrity
(%)
0 95.9
0.5 94.2
1 95.2
2 94.2
3 95.5
4 95.3
average 95.1+£0.70
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Figure 4.1: Temperature response histograms. Cellular
fluoresence intensity of TF-1 cells following a 3 hr incubation
at 0, 22, or 37 °C with two different concentrations of
liposomes (0.5 or 1 mmol/L lipid) containing (a) 20 pmol/L or
(b) 200 umol/L 5(6)-CF and 0.2 mol/L trehalose.
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Figure 4.2: Temperature response graph. The mean cellular fluorescence

intensity of TF-1 cells following a 3 hour incubation at 0 °C, 22 °C or 37 °C

with liposomes containing 200 umol/L CF either at lipid concentrations of 0.5
mmol/L or 1 mmol/L.
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Figure 4.3: Liposome concentration histograms. Cellular
fluoresence intensity of TF-1 cells following a 4 hr incubation
at 37 °C with increasing concentrations of liposomes (0.5 - 4
mmol/L lipid) containing (a) 20 pmol/L and (b) 200 umol/L

5(6)-CF and 0.2 mol/L trehalose.
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Figure 4.4: Liposome concentration graph. Mean cellular fluorescence
intensity of TF-1 cells following 4 hr incubation with liposomes containing 20
pmol/L or 200 ymol/L 5(6)-carboxyfluorescein and 0.2 mol/L trehalose, at 37
°C, with increasing concentrations of liposomes (0.5 mmol/L-4 mmol/L).
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Figure 4.5: Temporal response histograms. Cellular fluoresence
intensity of TF-1 cells incubated for up to 5 hours at 37 °C with
liposomes containing 200 pmol/L 5(6)-CF and 0.2 mol/L trehalose,
at a concentration of 3 mmol/L lipid. The cellular fluorescence
intensity of cells incubated with the same liposomes for 5 hours at 0
°C is included for comparison.
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Figure 4.6: Temporal response graph. The mean cellular fluorescence
intensity of TF-1 cells incubated at 37 °C with liposomes containing 200
pmol/L 5(6)-CF and 0.2 mol/L trehalose, at a concentration of 3 mmol/L
for up to 5 hours. The cellular fluorescence intensity of cells incubated
with the same liposomes for 5 hours at 0 °C is included as a control.
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Figure 4.7: Antigen expression and membrane integrity: liposome
concentration effect. (a) CD34, (b) CD33 and (c) CD71 TF-1 cell
antigen expression and 7-AAD viability following incubation at 37 °C
for 2 hours with increasing concentrations of liposomes containing
0.2 mol/L trehalose.
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Figure 4.8: Antigen expression: temperature effect. (a) CD33/CF,

(b) CD71/CF, (c) CD34/CF, (d) CD71/34, (e) CD34/33, and (f) CD33/71
TF-1 cell antigen expression and CF fluorescence of untreated cells
and following incubation at 22 °C or 37 °C for 5 hours with 3 mM lipid
containing 0.2 mol/L trehalose and 200 umol/L 5(6)-carboxyfluorescein.
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5(6)-carboxyfluorescein prepared in SFM.
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Figure 4.12: Extraliposomal supernatant: associated fluorescence. The
mean cellular fluorescence intensity of TF-1 cells that have been re-
suspended in extraliposomal supernatant isolated from 200 umol/L CF
liposomes (3 mmol/L lipid) stored at 0 °C, 22 °C and 37 °C for 5 hours,
and following freeze-thaw to release intraliposomal contents. Cells were
required for gating purposes and fluorescence intensity represents the
amount of ‘free CF’ in the liposome preparation.
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CHAPTER 5

FREEZING RESPONSE

5.1 INTRODUCTION

The relatively low concentrations (< 0.2 mol/L) of intra- and extracellular
trehalose reported (1-3) for protection against cryoinjury, compared to traditional
CPAs like DMSO (1.4 mol/L) and glycerol (30 % w/v), and its relatively non-toxic
nature and glass forming tendencies at high subzero temperatures (4, 5),
provides the rationale for the development of a clinically acceptable
cryopreservation technique involving trehalose. Since the cryoprotective
stabilizing properties of trehalose can only be achieved if it is available
intracellularly and this molecule is essentially impermeable to mammalian cells,
a technique for loading trehalose into the intracellular compartment is required.
The results of Chapter 4 provided evidence that liposomes interact with TF-1
cells and parameters influencing this process were identified. The interaction
between liposomes and cells were found to be dependent on incubation
temperature and time, as well as the concentration of intraliposomal contents
and total lipid. Using 5(6)-carboxyfluorescein as a reporter molecule we were
unable to unequivocable demonstrate intracellular delivery of liposomal contents
because some free CF remained in the extraliposomal buffer following liposome
preparation (Chapter 4, Figure 4.14) and TF-1 cells were able to take up this

molecule in the absence of liposomes. While flow cytometry can be used to
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detect cellular fluorescence it is incapable of discerning between fluorescence
which is associated with the cell surface and intracellular fluorescence.

The goal of this study is to determine the effect low concentrations of trehalose
loaded liposomes have on the freezing response of TF-1 cells, alone or in
combination with extracellular trehalose. The freezing response provides an
alternative measure to assess the intracellular loading of tehalose using
liposomes. Liposomes containing trehalose were prepared following the
methods used in Chapter 3. The parameters identified in Chapter 4 which were
found to increase liposomal-cell association were applied to investigate the
feasibility of using liposomes for the delivery of cryoprotective concentrations of

trehalose.

5.2 METHODS

TF-1 Cell Preparations

TF-1 cells cultured according to protocol (Appendix A) were lightly centrifuged at
100 x g for 5 minutes at RT, the supernatant removed and warm (37 °C) SFM
added back to wash the cells. Centrifugation and washing was repeated an
additional two times and the cells concentrated to 2 x 107 cells/ml in SFM.
Experimental Conditions

Concentrated cells were prepared to a final concentration of 2 x 10° cells/ml in
either SFM or SFM modified with 0.2 mol/L trehalose. The SFM prepared with
trehalose was adjusted by decreasing the initial volume of SFM by two thirds,

adding the desired concentration (g/L) of trehalose, and bringing the solution
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back to the original volume with distilled water. A freezing point osmometer
(Precision Systems Inc., Massachusetts, USA) was used to ensure the final
solution was near physiological osmolality (280 mOsm/kg). Dilution of the SFM
decreased the total salt content prior to the addition of trehalose and ensured
the osmolality remained near physiological conditions (280 mOsm/kg) in order
to prevent cellular osmotic changes prior to the onset of cooling. This approach
has been shown to improve the recovery of cryopreserved bull (6) and mouse
(7) sperm as well as desiccated murine fibroblasts (8). Liposomes were
synthesized to contain SFM or SFM modified with 0.2 mol/L trehalose (iso-
osmotic) using the methods described in Chapter 3. Cells were incubated in
non-tissue culture treated Petri dishes at 37 °C, 5 % CO; and > 95 % relative
humidity for 5 hours in cell media prepared with or without trehalose and in the
presence or absence of liposomes. Liposomes were added at concentrations of
either 3 mmol/L or 4 mmol/L lipid. The incubation time, temperature and lipid
concentrations were selected based on the results of the liposome-cell
interaction study (Chapter 4), as conditions observed to enhance cell-associated
fluorescence. The final composition of each incubation buffer is summarized in
Table 5.1. Samples were prepared in duplicate unless stated otherwise.

At the end of the 5 hour incubation period cells were transferred to 1.5 ml
microtubes and washed by centrifugation at 300 x g for 5 min at 4 °C.
Centrifugation and washing was repeated a total of 3 times. The buffer used for
washing and final re-suspension was either SFM or SFM modified with 0.2

mol/L trehalose depending on what was used during the initial incubation period
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(Table 5.1). Unwashed samples and washed samples from each test group
were maintained on ice and pre-freeze cell membrane integrity was determined
using 7-amino actinomycin D (7-AAD).

Freeze-thaw Procedure

Washed samples were transferred to cryotubes and frozen at 1 °C/min to -80 °C
using a controlled rate freezer (PLANAR kryosave 30-SV, T.S. Scientific) then
transferred to liquid nitrogen for storage. Ice nucleation temperature during
cooling was not controlled using this cryopreservation procedure. The freezing
profile was the same used for establishment of the cell bank (Appendix A).
Samples were stored for two weeks at -196 °C. On removal from liquid nitrogen
samples were thawed in a 37 °C water bath and membrane integrity assessed
within 30 minutes.

Viability Assessment

The fluorescent nucleic acid marker, 7-AAD (Becton Dickinson Biosciences)
was chosen as the viability probe for dead cell exclusion. Living cells with intact
membranes and active metabolism exclude 7-AAD, while cells with damaged
membranes or impaired metabolism are unable to prevent the dye from entering
the cells (9). 7-AAD intercalates within the DNA of non-viable cells resulting in
cellular fluorescence which is detectable using flow cytometry. Membrane
integrity of washed and unwashed samples was measured within 30 minutes
following liposomal treatment, prior to freezing and after cryopreservation
(washed samples only), by the addition of 20 pl 7-AAD. All samples were kept

on ice in the dark prior to flow analysis. 7-AAD analysis of unwashed samples
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was measured to determine the effect of washing and removal of liposomes on
membrane integrity. A 7-AAD/DNA complex has a maximum absorption in the
green spectral region with an excitation wavelength of 488 nm and red
fluorescence emission of 635-675 nm. Flow cytometric analysis of cell
membrane integrity was assessed using the FACSCanto (BD, Biosciences, CA,
USA). For each sample 1,000,000 total events and 10,000 cellular events were
collected over one minute at a low flow rate that consisted of forward scatter
(FSC, 488 nm/10 bandpass (BP)), side scatter (SSC, 488 nm/10 BP) and
fluorescence emission centered at 650 nm (FL3-7AAD). The live cell population
gate was established using fresh untreated control cells. FACSDiva™ 4.0 (BD
Biosciences, NJ, USA) was used for acquisition and analysis.

Statistical Analysis

A Student's t-test (Excel 2003, Microsoft Office) was used for single
comparisons to determine if the mean post-thaw recovery of TF-1 cells with
intact membranes following treatment with liposomes and trehalose was

significantly different (e = 0.05) from cells frozen without a CPA.

5.3 RESULTS

Pre-freeze Membrane Integrity

The pre-freeze membrane integrity of TF-1 cells following treatment is
summarized in Table 5.2. The majority of the cells have intact membranes
following 5 hour incubation at 37 °C in trehalose enriched SFM and trehalose

containing liposomes at concentrations up to 4 mmol/L. The percentage of
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washed and unwashed cells with intact membranes is 91 £ 1.9 and 89 + 1.1,
respectively. These results confirm that pre-freeze treatment conditions have
no effect on cell membrane integrity when compared to cells incubated in SFM,
and the majority of the cell population has intact membranes prior to freezing.
In fact, cell membrane integrity is lower for cells incubated in SFM than cells
incubated with lipsosomes or trehalose. In addition, repeated washing by
centrifugation to remove liposomes following treatment had no affect on cell
membrane integrity.

Post-thaw Membrane Integrity

The post-thaw membrane integrity of TF-1 cells following treatment is
summarized in Table 5.3 and represented graphically in Figure 5.1. In
comparison to TF-1 cells frozen without a CPA there is a trend towards
increased post-thaw recovery of TF-1 cells with intact membranes in all
treatment groups. The post-thaw outcome is statistically significant (o = 0.05)
for cells treated with 3 mmol/L trehalose-containing liposomes (p=0.014, df=2),
4 mmol/L trehalose containing liposomes in 0.2 mol/L extracellular trehalose
(p=0.001, df=3) and with extracellular trehalose alone (p=0.005, df=3) when
compared to cells frozen in SFM. The difference in post-thaw outcome of cells
treated with 3 mmol/L and 4 mmol/L liposomes (in SFM) is statistically
significant (p=0.010, df=3 and p=0.025, df=4) when compared to cells treated
with extracellular trehalose alone, with the later providing a more positive
outcome. The post-thaw outcome of cells treated with 4 mmol/L trehalose

loaded liposomes in extracellular trehalose is the only condition which results in
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a statistically significant difference when compared to all other treatment
conditions. Results of the statistical analysis are summarized in Table 5.4. The
average percentage of cells with intact membranes following cryopreservation
with 10 % DMSO is 85 £ 4.6. TF-1 cells cryopreserved with DMSO provided the
positive control for this experiment and verified that the routinely used freezing

protocol was successful.

5.4 DISCUSSION

Pre-freeze Assessment

The pre-freeze assessment of membrane integrity confirms that cells have intact
membranes at the onset of freezing so any loss of cell viability post-thaw is
directly attributed to freezing or thawing. The average pre-freeze viability is
about 90 % for all treatment groups. The high pre-freeze viability following
treatment is not surprising as the conditions chosen with respect to liposome
concentration, incubation time and incubation temperature were selected based
on the results of the liposome-cell interaction study (Chapter 4). These results
correlate well with the previous study (Chapter 4) showing that TF-1 cells can
tolerate incubation with up to 4 mmol/L lipid at 37 °C for 5 hours without loss of
membrane integrity. Higher membrane integrity was observed for cells
incubated with trehalose or trehalose containing liposomes compared to cells
incubated in SFM suggesting that the former conditions may even be beneficial
to the cells in the absence of serum and growth factors. There is very little

variability in membrane integrity of washed and unwashed cells following
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liposome treatment. Survival of the majority of the cell population post-liposome
treatment and following a series of washes by repeated centrifugation verify that
cells treated with liposomes have intact membranes and can withstand the
strenuous conditions imposed by centrifugation in the absence of serum
proteins. In addition, washing is not merely eliminating dead cells from the
population and inflating the percent viability of the washed cell population.
Liposome-cell interaction studies (Chapter 4) required using washed cells to
measure cell-associated fluorescence therefore samples in this study were also
washed to remain consistent. The pre-freeze removal of liposomes may not be
necessary since liposomes are relatively non-immunogenic and eliminated in
vivo by cells of the reticuloendothelial system (10, 11). Furthermore, the
beneficial effects of liposomes during biopreservation have been demonstrated
by Kheirolomoom et al. who observed a substantial reduction in hemolysis after
rehydration of red blood cells lyophilized in the presence of phospholipid
vesicles (12).

Post-thaw Response

The results of the post-thaw membrane integrity assessment show that cell
viability is higher when cells are frozen with low concentrations of extracellular
trehalose (no liposomes) than cells frozen following liposomal treatment in the
absence of extracellular trehalose. There is evidence in the literature that
human mesenchymal stem cells can take up trehalose from the extracellular
milieu by the process of fluid-phase endocytosis, however the concentrations of

trehalose taken up are low relative to that required for protection during freezing
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(13).  While fluid-phase endocytosis may be a contributing factor to the
observed post-thaw outcome in the presence of extracellular trehalose, the
outcome more likely is a direct response to changing extra- and intracellular
solute concentrations during freezing in the presence of extracellular trehalose.
The 23 % cell survival in the presence of extracellular trehalose is consistent
with that observed by Buchanan et al. who achieved a 27 % post-thaw survival
of TF-1 cells using 0.2 mol/L extracellular trehalose. These results address the
limited protective capabilities of extracellular trehalose alone and re-enforce the
importance of penetrating CPAs to combat solute toxicity. Considering the
small volume and low concentration (0.2 mol/L) of trehalose encapsulated within
each liposome, the concentration of trehalose being delivered inside the cell is
expected to be very low in relation to total cell volume therefore the observed
outcome is not surprising.

The results observed using increasing concentrations of liposomes have a
significant effect on post-thaw membrane integrity when extracellular trehalose
is also present during freezing. This concentration effect is a positive outcome
which supports the hypothesis that liposomal delivery of intracellular trehalose
has potential applications in cryobiology. The results are also in agreement with
previous studies which determined trehalose is most effective when available on
both sides of the cell membrane during freezing (3, 14) and freeze-drying (15-
17) and reinforces the importance of achieving a threshold level of intracellular
trehalose specific to each cellular system, before a substantial improvement in

post-thaw viability is apparent. A recent study found sugar concentrations
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effective at preventing leakage in model membrane systems during
lyophilization were much higher than that required to prevent phase transitions
and membrane fusion (18).

Limitations of the Study

The major limitations to this freezing study which must be addressed are the
small sample size and the method of post-thaw assessment. Repetition and an
increase in sample size are required to determine if statistically significant
differences are real or simply occurred by chance and have been influenced by
the within group variability. Flow cytometric assessment of immediate post-thaw
cell membrane integrity using 7-AAD is a widely used method of assessment
however a more rigorous measure of cell viability which includes post-thaw
clonogenic output of the TF-1 cell population would be the logical next step to
ensure validity of the observed results (19). The importance of cell handling and
the method selected for post-thaw assessment of cryopreserved HPCs has
been demonstrated (20) which reiterates the importance of a reliable functional
assay to accurately determine post-thaw viability and cell loss during
cryopreservation (21). Cell membrane integrity assays which are traditionally
used immediately post-thaw are also limited by their inability to detect cellular
changes which lead to cryopreservation-induced apoptosis (22). The
development of a freezing protocol specific for conditions where cryoprotective
concentrations of trehalose are present would also be required to improve post-

thaw survival.
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Clearly an important limiting factor observed is a result of low intracellular
concentrations of trehalose achieved using liposomes synthesized in this study.
As demonstrated in Chapter 4 using cellular fluorescence to measure liposome-
cell interactions, it is possible to increase cell-associated fluorescence by
increasing the initial concentration of the target molecule synthesized within the
liposomes. Intraliposomal concentrations of trehalose will be limited by the
ability to maintain iso-osmotic equivalence between the endogenous and
extracellular liposomal environment that will also prevent substantial changes in
cellular osmotics. This is required because liposomes respond osmotically to
anisotonic conditions (23). While HPCs can tolerate cell volume excursions
during exposure to anisotonic conditions ranging from 180 mOsm/kg - 1200
mOsm/kg (24), the effect of changes in surface area on liposome-cell interaction
and intracellular delivery of liposomal contents are yet to be determined.

The versatility of liposomes does provide additional approaches to increasing
intracellular delivery of trehalose in that the lipid formulation can also be altered
to introduce charge and the ease at which liposome and cellular membrane
lipids interact, and even the mechanism of interaction (25, 26). While the size
selected for liposomes synthesized in this study is based on data in the
literature concerning stability and retention of trapped solutes in LUVs, size can
be easily altered using the freeze-thaw extrusion technique by changing the
pore size of the filter used during extrusion. Since trehalose containing
liposomes are significantly smaller than liposomes synthesized without sugars,

an increase in size could potentially result in increased intraliposomal
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concentrations of trehalose. Entrapment efficiency and stability with respect to
liposome size would need to be determined experimentally in order to validate
this theory. Like intraliposomal concentrations of trehalose, liposome size is
also limited, as demonstrated by electrofusion of trehalose loaded (300
mOsm/kg) giant unilamellar liposomes with Jurkat cells, which cause changes to
cell surface area and osmotic effects resulting in cell lysis (27). To conclude this
study, a method for measuring intracellular trehalose concentrations following
liposomal treatment would reduce experimentation based exclusively on
empirical observations and is a technique which is currently being developed in
our laboratory by Jelena Holavati. Using a commercially available Megazyme
spectrophotometric method to evaluate the encapsulation efficiency of the
liposome synthesis process is the first step toward quantifying intracellular

trehalose concentrations (28).

5.5 CONCLUSIONS

The feasibility of using liposomes for the intracellular delivery of trehalose for
applications in cryobiology has been demonstrated. The highest concentration
of liposomes tested increased post-thaw membrane integrity significantly when
extracellular trehalose was also present in the cryoprotective media. The low
freeze-thaw recovery of liposome-treated cells relative to cells cryopreserved
with 10 % DMSO reinforces the importance of achieving a threshold
concentration of intracellular trehalose before a substantial improvement in post-

thaw viability is apparent. The potential exists to increase intracellular trehalose
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concentrations by altering the carrier properties of the liposomes and the
internal aqueous composition. This is the first documented account of using
liposomes for the intracellular delivery of trehalose into nucleated human cells in

an attempt to improve post-thaw cell survival.
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Table 5.1: Buffer compositions used in freezing experiment.

Treatment | Designation Liposome Intraliposomal | Extracellular
Group Concentration Trehalose Trehalose
(mmol/L lipid) (mol/L) (mol/L)

1 10% DMSO 0 0 0

2 No CPA 0 0 0

3 Extracellular |0 0 0.2
trehalose only

4 SFM 3 0 0
liposomes

5 Intracellular 3 0.2 0
trehalose only

6 Intra- and 3 0.2 0.2
extracellular
trehalose

7 Intracellular 4 0.2 0
trehalose only

8 Intra- and 4 0.2 0.2
extracellular
trehalose

Table 5.2: Pre-freeze membrane integrity following 5 h treatment.

Treatment Treatment Cell Membrane Integrity

Group (%)
washed unwashed

2 Untreated (SFM) 88 84

3 Trehalose OUT 94 91

4 SFM liposomes (no trehalose) | 95 92

5 Trehalose IN (3 mM lipid) 93 88

6 Trehalose IN/JOUT (3 mM lipid) | 81 88

7 Trehalose IN (4 mM lipid) 91 92

8 Trehalose IN/OUT (4 mM lipid) | 95 91

Average Viability + SE 91+1.9 89+11
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Table 5.3: Post-thaw TF-1 cell membrane integrity.

Treatment Membrane Integrity
Group Treatment Average * SE
(Range, Sample Size)
1 10 % DMSO 85.0+4.6
(80.4 - 89.6, n=2)
2 no CPA 6.3+0.2
(6.1 —-6.4,n=2)
3 0.2 M trehalose outside 234 1.7
(20.8 — 26.7, n=3)
4 SFM liposomes 15.914.1
(9.6 — 23.5, n=2)
5 trehalose liposomes 10.3+£0.5
(3 mmolL) (9.8-10.7, n=2)
6 trehalose liposomes 17.31£3.0
(3 mmol/L) + 0.2 mmol/L (14.3 - 20.2, n=2)
trehalose outside
7 trehalose liposomes 11629
(4 mmol/L) (7.0-17.0, n=3)
8 trehalose liposomes 32517
(4 mmol/L) + 0.2 mol/L (30.7 - 36.0, n=3)
trehalose outside
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Table 5.4: Statistical analysis of TF-1 cell post-thaw membrane integrity
following treatment. * Shaded regions denote statistically significant p-values.

P-values No CPA Trehalose SFM Trehalose | Trehalose
Out Liposome In In/Out
(3 mM) (3 mM lipid) | (3 mM lipid)
No CPA *0.005 0.163 *0.014 0.065
df=3 df=3 df=2 df=2
Trehalose *0.005 0.165 *0.010 0.145
Out df=3 df=4 df=3 df=3
SFM 0.163 0.165 0.361 0.828
Liposome df=3 df=4 df=3 df=3
(3 mM lipid)
Trehalose *0.014 *0.010 0.361 0.144
In df=2 df=3 df=3 df=2
(3 mM lipid)
Trehalose 0.065 0.145 0.828 0.144
In/Out df=2 df=3 df=3 df=2
(3 mM lipid)
Trehalose 0.253 *0.025 0.435 0.751 0.284
In df=2 df=4 df=4 df=3 df=3
(4 mM lipid) L__
Trehalose *0.001 - .%0.020 *0.020 *0.002 *0.017
In/Out df=3 df=4 df=4 df=3 df=3
(4 mM lipid) :
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Membrane Integrity (%)

Figure 5.1: Post-thaw response graph. Post-thaw membrane integrity of TF-1
cells stored in LN following treatment with liposomes (3 mmol/L or 4 mmol/L)
and/or 0.2 mol/L trehalose.
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CHAPTER 6

GENERAL DISCUSSION AND CONCLUSIONS

6.1 REVIEW OF THESIS OBJECTIVES

The objective of this thesis was to investigate the use of liposomes as a delivery
vehicle for the intracellular loading of the membrane impermeant molecule
trehalose into a nucleated mammalian cell line. The hypothesis stated that
liposomal delivery of intracellular trehalose would provide protection to cells
during freezing and thawing. Computer simulations were used to model the
osmotic response of TF-1 cells to low temperature exposure in the presence of
variable concentrations of intra- and/or extracellular trehalose (Chapter 2).
Methods were developed to synthesize and characterize liposomes
encapsulating low (0.2 mol/L) concentrations of trehalose (Chapter 3). These
liposomes were then utilized to identify parameters which influence the transfer
of liposomal contents into the cell population (Chapter 4). To conclude this
study, the established parameters were applied to investigate the response of
TF-1 cells to freezing conditions and assess the potential of this approach for

applications in Cryobiology (Chapter 5).

6.2 SUMMARY OF RESULTS
With the use of computer modeling a theoretical prediction of the osmotic
response of TF-1 cells to freezing in the presence of low concentrations of intra-

and extracellular trehalose was performed. The simulated results provide
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valuable information about how the colligative properties of trehalose affect
intra- and extracellular solution properties during different rates of linear cooling,
and reiterate the importance of a compatible solute on both sides of the cell
membrane to limit cell volume excursions. Simulations of cellular osmotic
responses to low temperatures demonstrated predictive capabilities with respect
to the events that influence cell recovery during cryopreservation. However, the
assumption used to define injury caused by exposure to concentrated solutes
appears to be the limiting assumption since solute toxicity is not only
concentration dependent but is also influenced by exposure time and
temperature. Using the upper tolerable limit of 1 mol/kg [KCI];, the simulations
do not predict low concentrations (< 0.3 mol/L) of intra- and extracellular
trehalose to be effective at protecting against slow cooling injury. There is
experimental evidence in the literature that has proven otherwise, therefore it is
important that when using theoretical modeling to predict responses in living
systems there exists a clear understanding of the limitations surrounding the
model and the assumptions used to interpret the results.

The first step required to investigate the feasibility of using liposomes for the
intracellular delivery of trehalose involved the synthesis of liposomes specific for
the application. The freeze-thaw extrusion technique was found to be a reliable
method for the synthesis of neutral fluid liposomes of a reproducible size.
Sizing of the final product using a laser diffraction method proved to be an
effective method for characterizing liposome size, determining the reproducibility

of the extrusion technique, and discerning between size discrepancies related to
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the aqueous composition. The phosphate assay provided a method for the
quantitative measure of total lipid and given the size reproducibility between
batches we can assume, with some degree of certainty, that the lipid
concentration between batches is also comparable. Flow cytometric analysis of
the final product confirms the synthesis of a homogenous population and with
the inclusion of 5(6)-CF, confirms encapsulation of the aqueous contents and
the log normal distribution of the population. We cannot discount the limitations
of the characterization techniques discussed earlier, however, eliminating batch
to batch variability by controlling liposome size, identifying conditions that result
in size variability, and providing a method of quantitative measure to control the
amount of liposomes used experimentally, the established techniques enable
experimental comparison.

The liposome-cell interaction study was a valuable study for identifying
conditions which enhance liposome-cell interactions and for characterizing the
effect liposomes have on cell membrane integrity and the expression of
antigens invoved in cell proliferation and differentiation. The observed results
correlate well with evidence in the literature that liposomes interact with cells in
a temperature-, time- and concentration-dependent manner. The identified
conditions can be easily manipulated to enhance liposome-cell interactions and
do not require time-consuming and exhaustive measures to achieve. The
results of this study provide evidence that supports the proposed hypothesis
that liposomes can be used to delivery their contents intracellulary without

adversely effecting the target population.
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The freezing response of TF-1 cells following liposomal treatment confirmed that
trehalose-loaded liposomes contribute to an increase in intracellular trehalose
which could be indirectly correlated with an increase in the recovery of cells with
intact membranes following freezing and thawing. The results of this study
demonstrate proof of principle that trehalose loaded liposomes can be used to
exert a cryoprotective response in mammalian cells, and describes the first
account of using liposomes to load trehalose into ‘stem cells’ for applications in

cryobiology.

6.3 SIGNIFICANCE TO CRYOBIOLOGY

The properties of trehalose have been extensively studied in an attempt to
reveal the reasons for its widespread use in natural systems capable of
withstanding exposure to adverse environmental conditions. Trehalose along
with other saccharides are commonly used as components of extracellular
cryoprotective cocktails, where they contribute to freezing protection in the
traditional manner by acting as compatible solutes and by promoting cellular
dehydration. Many believe that the characteristic properties of trehalose make it
the ideal CPA however, the full potential of trehalose as a CPA cannot be
attained unless it is present on both sides of the membrane during
cryopreservation. Even when considering the high molecular weight of
trehalose in comparison to most permeating CPAs and osmotic changes that
would inevitably take place in vivo, this has not deterred Cryobiologists from

attempting to facilitate its use as an intracellular CPA.
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Liposomes are an attractive vehicle for the delivery of impermeant molecules
into cells mainly because of their versatility. By changing the composition of the
liposome bilayer, membrane fluidity and charge can be altered which can have
a pronounced effect on the attraction of liposomes to the target cell population
and the mechanism by which they interact. The aqueous contents can also be
adjusted with relative ease. Liposome size alterations which maintain stability
and retention of agueous contents should also be considered. Phospholipids
and CL are major components of biological membranes and do not elicit an
immunogenic response in vivo and in general are non-cytotoxic. While the
experimental approach used here dealt specifically with washed samples where
the majority of the liposomes are removed, the potential exists to eliminate pre-
freeze washing if direct post-thaw transfusion of cells and liposomes is proven
to be clinically acceptable.

Based on the results of the liposome-cell interaction study and the response of
cells to freezing following liposomal treatment, it is clear that neutral fluid
liposomes containing 0.2 mol/L trehalose are not sufficient to deliver
cryoprotective concentrations of intracellular trehalose. Alteration of the above
mentioned parameters, combined with a freezing protocol designed specifically
to capture the characteristic properties of trehalose, provides a means of
enhancing delivery of liposomal contents into mammalian stem cells; the

application of liposomes in cryobiology has intriguing potential and further

investigation is warranted.
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APPENDIX A

TF-1 CELL CULTURE AND CHARACTERIZATION'

A.1 INTRODUCTION

The TF-1 cell line used in this study was established by Kitamura and collegues
from a heparnized bone marrow aspiration from a patient with erythroleukemia
(1). This cell line is dependent on the hematopoietic growth factors interleukin-3
(IL-3), granulocyte-macrophage colony-stimulating factor (GM-CSF) and
erythropoietin (EPO) for proliferation. These cells proliferate as single cells in
suspension and have morphological characteristics which resemble immature
erythroblasts. They are round and about 15-20 um in diameter, with a villous
surface. The appearance of a few very large multinucleated cells is not
uncommon. These cells show stable expression of CD33 (99 %) and CD34
(100 %) antigens (1). CD33 is a lineage-specific transmembrane glycoprotein
expressed on monocytes and myeloid progenitors but absent in normal
erythrocytes and hematopoietic stem cells (2). While these cells express the
myeloid lineage marker, they have the ability to undergo differentiation into
either more mature erythroid cells or into macrophage-like cells (1). The CD34
antigen is associated with human hematopoietic progenitor cells (HPCs) and is
differentiation-stage specific (3). The CD71 transferrin receptor antigen, another
lineage specific antigen, is expressed at a high level in immature erythroid cells

(4) and HPCs (5). The transferrin receptor binds iron which is necessary for

' Adaptations to the cell culture procedure and methods used to characterize TF-1 cells were
based on the advice of Dr. Sandhya Buchanan at the University of Colorado.
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active metabolism, rapid cell growth, and proliferation (5). Because of the
widespread distribution of the transferrin receptor on cultured cells and its
association with cell growth, CD71 was chosen as a proliferation marker.
Immunophenotypic analysis involving CD34, CD33 and CD71 cell surface
antigens was performed periodically during cell culture to ensure that the cell
line remained pure and cells retained their capacity to proliferate and
differentiate. The TF-1 cell line was chosen for this study as a model system for
HPCs.

The purpose of this chapter is to outline the methods developed for the proper
handling of TF-1 cells in culture and during experimental manipulation. These
methods ensure the cells are established and maintained in culture under
conditions that prevent contamination or the alteration of TF-1 cell specific

characteristics and morphology.

A.2 METHODS

TF-1 Cell Culture

The human TF-1 cell line was prepared for culture from a frozen stock
purchased from American Type Culture Collection (CRL-2003, ATCC, VA,
USA). The 1 ml frozen aliquot was thawed in a 37 "C waterbath immediately
upon arrival because transfer to liquid nitrogen after shipment at -80 °C
decreases cell recovery. Using strict aseptic techniques the contents were
transferred to a 15 ml sterile conical tube and diluted 1 in 10 by dropwise

addition of complete growth medium (RPMI 1640, ATCC) which contained 2
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mmol/L L-glutamine, 18 mmol/L sodium bicarbonate, 25 mmol/L glucose, 10
mmol/L HEPES, and 1.0 mmol/L sodium pyruvate and 10 % v/v fetal bovine
serum (FBS, ATCC). Cell culture media was warmed to 37 'C in a waterbath
prior to use. The cell suspension was centrifuged (Sorvall 5810R, Brinkman,
Eppendorf, Germany) at 100 x g for 5 minutes at room temperature (RT, 22 °C).
The supernatant was aspirated and the cells re-suspended in 5 ml fresh cell
culture media. A total cell count was calculated (Eq A.1) from the cell
concentration of a measured aliquot (0.5-1 ml) diluted in 10 ml of isoton, using a

Coulter Counter (Z2, Coulter Electronics, INC, FL, USA):

total cell count = Cq " V¢/ Vs * Viota (Eq A1)

where C4 is the concentration (cells/ml) output from the Coulter, V¢ (ml) is the
total volume in the Coulter vial, Vs (ml) is the cell volume used in the count and
Viotal (Ml) is the total volume in the culture flask.

Initial cultures contained 2 x 10* cells/ml in a total volume of 20 ml and were
prepared in 250 ml non-tissue culture treated filter top flasks (BD Falcon, MA,
USA). Recombinant human granulocyte macrophage colony stimulating factor
(Sigma-Aldrich, ON, Canada) was prepared by dissolution in sterile distilled
water (dH20) to a final concentration of 1 pug/mi from a 5 pg lyophilized stock.
Each flask was supplemented with 2 ng/ml GM-CSF and 10 % Penicillin G (10,
000 units/ml) and Streptomycin sulfate (10,000 ug/ml) in 0.85 % saline (Gibco,
Invitrogen Corporation, NY, USA) and incubated (370 Series Steri-Cycle,

Thermo Electron Corporation, OH, USA) at 37 °C in 5 % CO; and > 95 %
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relative humidity. Cell suspensions were maintained at densities between 2 x
10* cells/ml to 4 x 10° cells/ml by subculturing.
Subculturing
Flasks were subcultured every 48 to 72 hours depending on the desired cell
concentration. Cultures were visually assessed at 20X and 40X magnification
using brightfield microscopy (Nikon Eclipse TE 2000-U, Japan) to ensure
morphology appeared normal and suspensions remained free of contaminants
prior to passaging. Morphology was recorded periodically using a digital
camera (Digital Sight DS-U1, Nikon, Japan) and imaging software (ACT-2U
2004, Nikon, Japan). Contents of each flask were mixed well by gentle pipetting
and a 0.1 ml aliquot removed aseptically followed by a 1 in 1 dilution with 0.4 %
trypan blue in phosphate buffered saline (Sigma-Aldrich, MO, USA). A 10 pl
aliquot of the mixture was added to each of two counting chambers of a
hemacytometer and the number of cells within each counting square was tallied
and used to calculate total cell concentrations (Eq A.2) and % viability (Eq A.3):
cell concentration = cell count / # squares counted - d - 10* (Eq A.2)
% viability = # live / (# live + # dead) (Eq A.3)
where d;is the dilution factor.
The Coulter counter was used periodically to verify hemacytometer cell counts
and assess population distribution. Subcultures were prepared by splitting the
contents of each flask by at least half the initial volume followed by dilution in
warm (37 °C) fresh cell culture media prepared with 10 % FBS. GM-CSF and

Penicillin-Streptomycin were added to the final volume as detailed above.

147

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Centrifugation between subcultures was avoided to minimize stress on the cells
and prevent clumping.

Prior to experimental use TF-1 cells were prepared by centrifugation at 100 x g
for 5 minutes at RT, the supernatant decanted and the cells re-suspended in
warm (37 °C) RPMI 1640 SFM and centrifugation and washing repeated. After
the first wash the contents of each flask were combined and centrifugation and
washing repeated a second time and the cells re-suspended to a final
concentration of between 2 x 107 cells/ml and 5 x 107 cells/ml in SFM. Cells
used for experimental purposes were passaged between 6 and 18 times.
Establishing the TF-1 Cell Bank

A TF-1 cell bank was established once the initial culture was expanded
sufficiently to grow enough cells to freeze about 20-25 vials at a concentration of
5 x 10° cells/ml each. Cell suspensions from each flask were transferred to 50
ml sterile conical test tubes (BD Falcon) and centrifuged at 100 x g for 5 min at
RT. Freezing media was prepared with RPMI 1640 supplemented with 10 %
FBS and 10 % dimethyl sulphoxide (DMSO, Cryoserv, Edwards Lifesciences
Corporation, CA, USA). Cells were re-suspended to freezing concentrations
with freezing media and 1 ml aliquoted into 1.5 ml sterile cryotubes marked with
the TF-1 cell lot number, cell concentration, date prepared in culture, and date
frozen. Tubes were sealed tightly, secured in aluminum canes and placed in a
controlled rate freezer (PLANAR kryosave 30-SV, T.S. Scientific). The PLANAR
was programmed to freeze cells at 1 ‘C/min to -80 °C at which point they were

transferred to liquid nitrogen for long term storage.
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Immunophenotyping

CD33 R-phycoerythrin (R-PE)-conjugated mouse anti-human monoclonal
antibody; R-phycoerythrin (R-PE)-conjugated mouse IgGs, x monoclonal
immunoglobulin isotype control; CD71 allophycocyanin (APC)-conjugated
mouse anti-human monoclonal antibody; allophycocyanin (APC)-conjugated
mouse 1gG2a, « monoclonal immunoglobulin isotype control; CD34 (8G12),
peridinin chlorophyll (Per CP)-conjugated mouse anti-human monoclonal
antibody; peridinin chlorophyll (Per CP)-conjugated mouse IgG4, k monoclonal
immunoglobulin isotype control; and CD34 fluorescein isothyocyanate (FITC)-
conjugated mouse anti-human monoclonal antibody were all purchased from
Becton Dickinson Pharmingen (ON, Canada).

TF-1 cells were washed twice and concentrated to 2 x 107 cells/ml as outlined
previously (see subculturing). Between 1 x 10° and 2 x 10° cells were incubated
at 4 °C in the dark (ice bucket) for 30-45 minutes in microtubes containing cold
(4 °C) stain buffer and a pre-titrated optimal concentration of fluorescent
monoclonal antibody or immunoglobulin isotype-matched control, prepared to a
final volume of 0.5 ml. RPMI 1640 prepared either with or without 10 % FBS
was used as the stain buffer, depending on the application. SFM was always
used for applications involving liposomes.  Optimal concentrations for
monoclonal antibodies were determined by titrations between 2 pl and 20 ul.
Cell samples incubated with individual fluorescent antibodies were prepared to
determine the level of fluorescence signal overlap and to establish proper

compensation during flow cytometry. For isotype controls and liposome treated

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cells all three immunoglobulins or monoclonal antibodies were combined in a
single tube. At the end of the incubation period cells were pelleted by
centrifugation at 300 x g for 5 min at 4 °C (2417R, Eppendorf, Hamburg,
Germany). Cells were washed twice with 1 ml volumes of cold stain buffer and
re-suspended to a final volume of 0.5 ml. Samples were kept on ice and
analyzed by flow cytometry within 30 minutes.

Flow Cytometry

Flow cytometric analysis (FACS analysis) for cellular fluorescence was
performed using a six colour FACSCanto (Becton Dickinson, MA, USA)
equipped with a helium neon laser exciting at wavelengths of 488 nm and 633
nm. For each sample, 15 000 events were collected at a low flow rate that
consisted of forward scatter (FSC, 488 nm/10 bandpass (BP)), side scatter
(SSC, 488 nm/10 BP) and fluorescence emission centered at 525 nm (FL1-
FITC/fluorescein), 575 nm (FL2-PE), 678 nm (FL3-PerCP), 650 nm (FL3-7AAD),
and 660 nm (FL4-APC). FSC and SSC were collected on either a linear or
logarithmic scale while fluorescence was collected on a logarithmic scale.
Electronic compensation was applied when two or more fluorochromes were
present to correct for the spectral overlap of fluorescent emissions during
excitation by a single wavelength. FACSDiva 4.0 and CellQuest software (BD
Biosiences, CA, USA) was applied for the analysis.

Colony Assay

The MethoCult® Starter Kit contained all the supplies required for the colony

assay and was purchased from Stem Cell Technologies (Vancouver, BC).
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Methocellulose media supplemented with 10 ng/ml human rhGM-CSF, 10 ng/ml
recombinant ”—_3" 3 U/ml recombinant EPO, 50 ng/ml recombinant stem cell
factor, 2 mmol/L L-glutamine, 10™* mol/L 2-mercaptoethanol, 1 % bovine serum
albumin (BSA), and 30 % FBS was used to detect and quantify human
hematopoietic progenitor cells. Using aseptic techniques and sterile supplies,
cells were diluted to between 200 and 500 cells/ml with Iscove’s MDM media
modified with 2 % FBS. For a duplicate assay 0.3 ml of diluted cells was added
to thawed MethoCult® tubes and the contents vortexed vigorously and left to
stand 5 minutes. The cell-methylcellulose mixture was dispensed in 1.1 ml
aliquots into two 35 mm culture dishes using a 16-gauge blunt-end needle
attached to a 3 cc syringe, distributed evenly by rotating and the lid replaced.
Both 35 mm culture dishes were placed inside a single 100 mm culture dish with
a third 35 mm dish containing 3 ml of sterile dH.O left uncovered. The 100 mm
dish was covered and incubated at 37 °'C, 5 % CO; in air and > 95 % humidity
for 14-16 days. Colonies were enumerated in situ at the end of the incubation

period under high (40X) and low (10X) power using the inverted microscope.

A.3 RESUTS AND DISCUSSION

TF-1 Cell Morphology and Viability

The average pre-freeze viability determined by trypan blue exclusion for each
culture flask prior to banking was 97 %. The average percent recovery of cells
thawed from the bank was 50 = 7.5 (Table A.1). Variability in post-thaw

recovery of cells cryopreserved from different culture flasks may be a result of
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inaccurate pre-freeze cell count which was calculated as the average between
flasks 1 and 2 of each subculture flask (A-D). Cells were maintained on ice
following addition of the cryoprotective media in order to minimize DMSO
toxicity at RT however this may have affected DMSO permeability across the
cell membrane, preventing the desired intracellular CPA concentration from
being reached (6). The appearance of bacterial contamination four days from
the onset of thawing the initial frozen stock acquired from ATCC may also be a
contributing factor. Antibiotics were not used during culture prior to the
appearance of bacteria. Bacterial contamination was eliminated by daily
centrifugation and washing (2X) of the cell samples at 100 x g and the
introduction of Penicillin-Streptomycin (1/100) into the culture flask. Daily
washing and centrifugation was repeated until bacterial contamination was no
longer visible (~ 1 week) at which time passaging by dilution was resumed.
While measures were taken to eliminate bacterial contamination, a low level of
contamination which was undetectable prior to banking may explain the low
post-thaw recovery. Regardless of the low post-thaw recovery, cells remained
healthy, free of bacterial contamination, and normal cell morphology was
observed during culture (Figure A.1). Initial cell division occurred 48 to 72 hours
post-thaw with doubling times every 24 hours thereafter.

TF-1 Cell Characterization

Titration of TF-1 cells with a single monoclonal antibody conjugated to a discrete
fluorophore determined the optimal concentration required for each specific

antibody during immunophenotying analysis. Optimal concentrations for CD33-
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PE, CD34-PerCp and CD71-APC at a maximum cell concentration of 2 x 10°
cells/ml are 2 ul, 10 il and 20 pl, respectively (Figure A.2). For isotype-matched
controls and CD34-FITC, 20 ul of each was used. Immunophenotyping analysis
at optimal antibody concentrations indicates the TF-1 cell line used in this study
is 99 % positive for CD33 and CD34 antigens and highly proliferative (Figure
A3(b, ¢, d)). Variable expression of the cell proliferation marker CD71 is
detectable during immunophenotyping analyses (Figure A.4), however cells in
the active phases of the cell cycle have been shown to express a higher density
of the transferrin receptor (7), therefore these results are not considered
unusual. TF-1 cells incubated with isotype-matched controls are > 99 %
negative for fluorescence, eliminating the concern for non-specific binding of
antibody isotypes (Figure A.3(f)).

Since TF-1 cells are 99 % positive for the CD34 antigen, colony growth on
methylcellulose supplemented with GM-CSF, IL-3 and EPO should yield an
equivalent number of colonies to the number of cells plated. When cells were
prepared to a concentration of 300 cells/ml or 500 cells/ml and 0.3 ml added to
each Methocult tube, the average number of colonies at the end of a 16 day
incubation period is 30 £ 0.5 (n = 2) and 47 = 2 (n = 2), respectively.
Immunophenotyping analysis and assessment of clonogenic output for the TF-1
cell line confirmed that TF-1 cells established and maintained in culture 4-5
weeks using the methods outlined, remained pure, were functionally viable, and

retained the capacity to proliferate and differentiate.
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A.4 CHALLENGES AND WORDS OF ADVICE

Due to tremendous difficulties establishing healthy TF-1 cultures it is important
to emphasize a few points. ATCC recommends maintaining TF-1 cultures
between 3 x 10* and 5 x 10° viable cells/ml without exceeding a cell
concentration of 7 x 10° cells/ml. It was found that maintaining cultures at or
below 3 x 10° cells/ml without exceeding 4 x 10° cells/ml is more conducive to
prevent cell clumping. Passaging by dilution with fresh cell culture media rather
than by centrifugation and re-suspension is recommended to avoid unnecessary
stress on the cells and enables detection of low levels of bacterial contamination
that may otherwise be overlooked. Sigma-Aldrich was found to be a reliable
supplier for GM-CSF. The lyophilized form is nearly undetectable with the
naked eye but is easily reconstituted in sterile dH;0. Other suppliers such as
Stem Cell Technologies required reconstitution of GM-CSF in phosphate
buffered saline and BSA. The use of BSA is unnecessary as serum in the form
of FBS is present in the media preparation. This approach is cumbersome and
is a potential source for introducing contamination. Culture flasks with filter top
lids were used on a regular basis to prevent contamination from the incubator.
Filter top lids are not normally supplied for use with non-tissue culture treated
flasks and as a result had to be ordered separately and transferred to the flasks
aseptically. Disinfection of the incubator prior to starting up a new culture is
highly recommended.

Extensive measures were taken to prevent bacterial contamination in the cell

line however bacteria was still detectable. RPMI-1640, GM-CSF and FBS used
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in the cell preparations were monitored for microbial contamination using
Difco™ Hycheck™ slides (BD Biosciences) and came up negative therefore the
cell line itself (direcly from ATCC) could not be eliminated as a possible source
of contamination. While ATCC does not recommend using antibiotics for culture
of TF-1 cells, antibiotics appeared to be the only solution to preventing
contamination, and based on routine immunophenotyping analysis, did not alter

defining characteristics.

A.5 REFERENCES

1. Kitamura T, Tange T, Terasawa T, Chiba S, Kuwaki T, Miyagawa K, et al.
Establishment and characterization of a uniqgue human cell line that
proliferates dependently on GM-CSF, IL-3, or erythropoietin. J Cell
Physiol 1989;140:323-334.

2. Freeman SD, Kelm S, Barber EK, Crocker PR. Characterization of CD33
as a new member of the sialoadhesin family of cellular interaction
molecules. Blood 1995;85(8):2005-2012.

3. Civin ClI, Strauss LC, Brovall C, GFackler MJ, Schwartz JF, Shaper JH.
Antigenic analysis of hematopoiesis. Ill. A hematopoietic progenitor cell
surface antigen defined by a monoclonal antibody raised against KG-1a
cells. J Immunol 1984;133(1):157-65.

4. Cazzola M, Bergamaschi G, Dezza L, Arosio P. Manipulations of cellular
iron metabolism for modulating normal and malignant cell proliferation:

achievements and prospects. Blood 1990;75(10):1903-1919.

155

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5. Sutherland R, Delia D, Schneider C, Newman R, Kemshead J, Greaves
M. Ubiquitous cell-surface glycoprotein on tumor cells is proliferation-
associated receptor for transferrin. Immunology 1981;78(7):4515-4519.

6. Hunt CJ, Armitage SE, Pegg DE. Cryopreservation of umbilical cord
blood: 1. Osmotically inactive volume, hydraulic conductivity and
permeability of CD34+ cells to dimethyl sulphoxide. Cryobiology
2003;46:61-75.

7. Chitambar CR, Masey EJ, Seligman PA. Regulation of transferrin
receptor expression on human leukemic cells during proliferation and

induction of differentiation. J Clin Invest 1983;72:1314-1325.

156

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A.1: Post-thaw recovery of cryopreserved (10 % DMSO) TF-1 cells from

the cell bank.
Thaw Date Subculture Post-thaw Cell
Designation Membrane Integrity (%)
25-11-05 B1 72
07-02-06 D1 38
08-03-06 D2 42
18-04-06 C2 63
21-04-06 D1 34
Average * SE 5075
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Figure A.1: TF-1 cell morphology during culture at
(a) 20X and (b) 40X magnification.
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Figure A.2: TF-1 cell monoclonal antibody titration.
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Figure A.3: Immunophenotyping analysis at optimal
antibody concentrations: (a) untreated TF-1 cells and
TF-1 cell antigen expression following addition of
monoclonal antibodies (b) CD33, (c) CD34, (d) CD71, (e)
CD33/34/71, and (f) IgG isotype controls.
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Figure A.4: Variability in TF-1 cell CD71 antigen expression.
Following immunophenotyping analysis of TF-1 cells variable CD71
antigen expression is apparent during repeated analysis of a single
culture, however, CD33 and CD34 antigen expression remains
constant.
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