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Abstract

In all eukaryotes, the cell shape depends on the actin filament cytoskeleton, which is regulated by the small GTPase RhoA. It is
well known that the cell shape determines cell function and behavior. Inversely, any change in the cell behavior and/or function
reverberates at the cell shape. In this review, we describe how mechanical/magnetic, genetic, or pharmacologic interference with
the actin cytoskeleton enforces changes in cell shape and function and how such techniques can be used to control the phenotype
and functions of immune cells such as macrophages and to develop novel anti-cancer and anti-rejection clinical therapies.
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Introduction

Multicellular organisms, including humans, consist of two
different, in the very broad sense, types of cells: intercon-
nected cells, which are part of an ensemble of similar cells
of the same origin that together carry out specific func-
tion(s), and independent/separate cells that function individ-
ually or in unison with other individual cells of the same or
different types. A good example of the “interconnected” cell
type is epithelial or endothelial tissue, which is a layer of
cells lining the body surface or various body organs and
cavities, respectively. The cells comprising epithelium or
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endothelium are interconnected by the intercellular junc-
tions, have a clearly defined shape and apical/basal polarity,
and are immotile (Fig. la, b).

The loss of intercellular connections and cell polarity and
acquisition of motility are the hallmark events in cancer
development [1]. An example of the “independent” cell type
is cells of the immune system, such as macrophages. These
cells are not physically connected to each other, have a
dynamic shape, are highly motile, and function either indi-
vidually or in unison with other macrophages or other types
of immune cells (Fig. 1c).

Shape, polarity, and functions
of macrophages

Macrophages are crucial for innate and adaptive immune
response and organ and tissue homeostasis. In addition, the
tumor-associated macrophages promote cancer development
[2-4]. Macrophages are also major players in the long-term
(chronic) rejection of transplanted organs that present a ma-
jor and so far incurable problem in clinical transplantation
[5—7]. Macrophages activated by the transplantation of for-
eign (non-self, allo) organs infiltrate allograft and accumu-
late around its blood vessels, promoting vessel occlusion
and fibrosis, which lead to organ starvation and deterioration
of organ integrity [6, 8]. Depending on the shape, metabo-
lism, and function, the macrophages are divided into three
different subtypes: (1) slightly elongated, naive/unactivated
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Fig. 1 Diagram of interconnected
versus independent cells. a a
Epithelial/endothelial cells have
defined shape, apical and basal
polarity, and are interconnected to
each other into a tight layer. b
Types of cell junctions connecting
endothelial or epithelial cells. ¢
The immune cells such as

Apical

macrophages are independent
from each other and have variable
shape

MO macrophages; (2) round, pro-inflammatory M1 macro-
phages that fight infections; and (3) elongated, anti-
inflammatory M2 macrophages that play a major role in
tissue repair and wound healing (Fig. 2) [2, 4, 9-14]. Pro-
inflammatory M1 macrophages produce the bactericidal
molecule, an inducible nitric oxide synthase, and anti-
inflammatory M2 macrophages produce the pro-healing en-
zyme arginase 1 (Arg-1). The M0 and M2 macrophages
have very defined polarity with an expanded front and elon-
gated tail (Fig. 2).

Fig. 2 Different shapes of mouse
peritoneal macrophages. a Naive/
unactivated MO macrophage is
slightly elongated with well-
defined front (containing nucleus)
and tail. b Pro-inflammatory M1
macrophage is round. ¢ Anti-
inflammatory M2 macrophage is
elongated. Macrophages were
stained with rhodamine-
phalloidin to visualize actin (red)
and with DAPI to visualize nuclei
(blue). Bar is equal to 50 pm
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Actin filaments and RhoA pathway regulation
of macrophage shape and structuring
of macrophage organelles

The macrophage shape depends on the actin filaments, which
form through the energy/ATP- and Ca**-dependent polymer-
ization of the globular actin (G actin) into the filamentous (F)
actin [15, 16]. During macrophage movement, the wave of
actin reorganization and polymerization is especially promi-
nent in the front of the cell, and this is where the energy-
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producing mitochondria accumulate [17-19] (Fig. 3a). The
whole process of actin polymerization/depolymerization de-
pends on the small GTPase RhoA and its downstream effec-
tor, the p160 kinase ROCK [6, 20] (Fig. 3b). In turn, the
RhoA/ROCK activity is regulated by the subset of guanine
exchange factors, RhoA GEFs [21-25] (Fig. 3c).

Besides orchestrating the cell shape and movement, actin
and the RhoA pathway are also involved in the organization
and functions of subcellular organelles such as the Golgi
complex and endocytic and exocytic vesicular pathways
[26-33], which orchestrate engulfiment of the external com-
pounds and molecules, vesicular transport of compounds
and molecules within the cell and to the cell surface, and
receptor recycling (Fig. 4) [34].

The effects of genetic and pharmacologic
interference with the actin/RhoA pathway
on macrophage shape and functions

It is well established experimentally that the isolated,
naive, rodent MO macrophages can be induced (polarized)
in vitro into M1 or M2 phenotype by supplementation of
the culture medium with lipopolysaccharide and interferon
gamma or with interleukin-4 and interleukin-13, respec-
tively [10-12] (Fig. 5). We showed recently that the shape
and phenotype of rodent macrophages could also be

Fig. 3 Actin cytoskeleton is
controlled by RhoA pathway and
mitochondria. a During
macrophage movement, there is
reorganization of actin
cytoskeleton especially in the
front of cell where also
mitochondria accumulate to
deliver energy/ATP. The drawing
of mitochondria (green) and actin
filaments (red) is superimposed

bioengineered by inhibition of the RhoA pathway. The in-
hibition of RhoA/ROCK activity using ROCK inhibitors,
macrophage-specific deletion of RhoA, or inhibition of
RhoA GEFs employing Rhosin or Y16 inhibitors causes
extreme elongation (so-called hummingbird phenotype)
of MO and M2 (but not M1) macrophages and disorganiza-
tion and collapse of the actin-dependent organization of the
Golgi complex and the receptor recycling (Figs. 4 and 6)
[10-13, 35, 36].

We showed that the extreme elongation of macro-
phages was caused by the accumulation of actin-
associated focal adhesions in the macrophage tail, which
in turn disabled tail detachment from the substrate while
the front of the macrophage was moving forward [10-12,
35]. These phenotypical changes of macrophages had a
profound effect on macrophage function in vivo in rodent
heart transplantation models. The RhoA-interfered macro-
phages were unable to move into the transplanted hearts
and were unable to mount the long-term immune response
culpable for chronic (long-term) rejection of the trans-
plants [35]. Interestingly, the interference with the mito-
chondrial functions and ATP/ADP homeostasis reversed
RhoA interference-induced elongation and shortened MO
and M2 macrophages [36]. However, further studies are
needed to establish the effects of mitochondrial interfer-
ence on macrophage function in vivo in rodent transplan-
tation model systems.
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Fig. 4 Diagram of actin-dependent structures such as Golgi complex and
endocytosis/exocytosis vesicular pathway. Golgi complex consists of stacks
of membranous cisternae and produces endocytic vesicles, which engulf
external compounds and transport them into the cell interior for digestion/
degradation, and exocytic vesicles, which transport various molecules such

The effects of genetic and pharmacologic
interference with actin/RhoA pathway
on macrophage organelles

Although macrophage elongation is a readily noticeable effect of
genetic or pharmacologic interference with the RhoA pathway,
there are also other profound changes noticeable at the
subcellular/organellar level. As in all eukaryotic cells, the organi-
zation and function of the subset of macrophage organelles de-
pend on the actin cytoskeleton. One such organelle is the Golgi

M1

Round

M2
IL-q and j;. 13 Arg-1

Slightly
elongated

Elongated

Fig. 5 In vitro polarization of naive/unactivated MO macrophages.
Addition of LPS and IFN-y or IL-4 and IL-13 to the culture medium
polarizes MO macrophages into M1 or M2 phenotype, respectively. M1
macrophages produce pro-inflammatory molecule iNOS and M2
macrophages produce anti-inflammatory Arg-1
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as receptor to the cell membrane. The combination of exocytosis and
endocytosis pathway recycles various molecules such as surface receptors
from the Golgi to the cell membrane and back. Ultrastructure and
organization of the Golgi complex and exocytic/endocytic vesicle
formation, structure, and functions are actin dependent

complex and the Golgi-dependent exocytic and endocytic vesic-
ular pathways. The Golgi complex consists of stacks of membra-
nous cisternae, which collect proteins produced by the endoplas-
mic reticulum. Some of these proteins are, after being modified
within the Golgi, packed into vesicles pinching off the Golgi
cisternae and transported to the cytoplasm for internal use [28].
Other types of proteins, such as surface receptors or secreted
cytokines, are transported within the exocytic (secretory) vesicles
to the cell surface, where they become incorporated into the plas-
ma membrane or they are secreted outside the cell, respectively
(Fig. 4). In the reverse process, the endocytic vesicles, which form
at the cell surface, engulf the used-up receptors or exterior com-
pounds and move them back to the Golgi for recycling or to the
cytoplasm/lysosomes for further processing/digestion, respective-
ly (Fig. 4). The structure of the Golgi complex and the formation
and transport of exocytic and endocytic vesicles depend on actin
filaments [26, 27, 30-34, 37]. We showed that genetic or phar-
macologic interference with the RhoA pathway dissipates the
macrophage Golgi complex and interferes with the endocytic
pathway and recycling of macrophage receptors that home mac-
rophages to the transplanted heart [35, 36, 38, 39]. This, in turn,
prevents macrophage movement into the transplanted heart and
prevents chronic rejection [13, 35].

The effects of magnetic force on macrophages

Recent studies showed that macrophage elongation could also
be enforced by surface topography and grating, which modulate
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Fig. 6 Elongation of
macrophages after various
treatments. a MO untreated mouse
macrophage is slightly elongated.
b Treatment with RhoA GEF
inhibitor or ¢ macrophage-
specific deletion of RhoA or d
exposure to the magnetic field
gradient causes extreme
macrophage elongation
(hummingbird phenotype).
Macrophages were stained with
rhodamine-phalloidin to visualize
actin (red) and with DAPI to
visualize nuclei (blue). Bar is
equal to 50 pm

MO Control

actin organization through mechanical forces’ effect on the cell
membrane, calcium ions, and calcium channel receptors
[38-40]. Such conversion of mechanical forces to biochemical
interactions is referred to as mechanotransduction. Following
this approach, we have explored a case in which the external
force acting on macrophages was created by applying a mag-
netic field. We found that when a nonuniform magnetic field
gradient is exerted on macrophages, then resulting mechanical
forces affect the cells through the cytoskeleton architecture and
mechanoreceptors, inducing macrophage elongation [41].

In the experiments with cultured macrophages, we have
used a pair of rare-earth (neodymium-iron-boron) permanent
magnets to generate the nonuniform magnetic field pattern.
All simulations of the DC magnetic field-magnitude pattern,
resulting from its magnetic field gradient and magnetic force
lines” distributions, were carried out using a full-wave, finite
element-based software package ANSYS (Maxwell) [42].
Mathematics and DC/AC modules of this software were
employed for the calculations. To create as large as possible a
gradient above the planar magnets’ surface, an NS-SN anti-
parallel magnetization configuration was arranged, as shown
in Fig. 7. Calculations of magnetic field gradient plotted along
the y-axis showed a very large gradient above the central inter-
face between the two magnets. It is caused by a very significant
change of field magnitude along a very short distance of an
order of 200-300 pm. Also, large (however, much smaller than
above the central interface line) gradients exist on both mag-
nets’ edges. In the simulations, we used the same geometry and
material parameters of the magnets to match as closely as pos-
sible the experimental magnet sizes and their ferromagnetic

MO Magnet

MO Y16 inhibitor MO RhoA KO

parameters, such as remanence and coercivity. To maximize
influence of the magnetic field, we placed magnets very close
to the cells. This was achieved by constructing the slide cham-
ber with a microscope cover glass at the bottom.

The most pronounced changes in macrophage shape and
alignment were observed in two characteristic locations,
marked as regions #1 and #2 in Fig. 7. The first region is
located above the central maximum gradient line between
two magnets, and the latter region is located close to the mag-
net corner, where two magnetic force components perpendic-
ular to each other were identified. Such perpendicular forces
were created due to the magnets’ edge-introduced gradients.
As the reference with no magnetic field present, an area out-
side the magnets, marked as region #3 in Fig. 7, was selected.
The highest concentration of elongated macrophages was ob-
served in the vicinity of the maximum gradient line and also
along a diagonal line of the magnets at their corners.

At the interface, the elongated macrophages grouped along
the maximum gradient line were aligned perpendicular to the
direction to the magnetic gradient-generated force vectors, as
shown in region #1 in Figs. 7 and 8. At the same time in region
#2 (Figs. 7 and 8), long-range, well-aligned macrophages
were observed at the corners along the diagonal lines of both
magnets. Macrophages that are close to magnet corners are
exposed to two nonuniform magnetic field-generated forces
perpendicular to each other.

If an object is placed in a magnetic field of strength H, its
magnetic response will lead to magnetization, which for dia-
magnetic and paramagnetic materials is linearly proportional
to H (M = x H, where x is magnetic susceptibility). Biological
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Fig. 7 A sketch describing an
experimental configuration of two
permanent magnets covered by a
very thin glass plate. A sketch
describing an experimental
configuration of two permanent
magnets covered by a very thin
glass plate is presented. The
magnetic field gradient calculated
along the y-axis is plotted. Three
of the most characteristic areas
above the magnets, where highly
elongated, elongated/long-range
aligned, and magnetic field-

unaffected macrophages were Glass P
observed, are marked as regions e
#1, #2, and #3, respectively /x
-
.x‘/—‘/
T —

Area outside
of magnetic field

interaction

cells are mostly diamagnetic, usually with a small negative
magnetic susceptibility. In a uniform magnetic field, such cells
will be repelled, in contrast to the paramagnetic materials,
which have a positive magnetic susceptibility and, as a result,
they will be attracted to the magnetic field lines. However, in a
uniform field, neither diamagnetic nor paramagnetic cells will

?
100 um

500 pum

Region #2

Region #3

Fig. 8 Characteristic regions where macrophages were investigated.
Region #1 (a) refers to the interface where the maximum of the
gradient was created, region #2 (b) marks an area close to the magnet
corners along the diagonal line of the whole structure, and region #3 (c)
marks an area outside the magnetic field interaction
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experience translational force; they will only be disturbing
field homogeneity. The translational force (F,g) exists in
such a system but only in a nonuniform magnetic field, and
it will be moving diamagnetic or paramagnetic cells from a
strong to a weak field and in a reverse direction, respectively.
If cells are placed in a buffer medium, which can be either dia-
or paramagnetic, the response of cells to the magnetic field
gradient will depend on the difference between cell and me-
dium susceptibilities [43, 44] and it can be expressed as:

— AxV
Fmag = X (§>V§>v (1)
Ho

where B is the magnetic induction, V is the nabla operator, V
is the volume of the cell, 14 is the permeability of the free space,
and Ay = x.— X is the magnetic susceptibility difference be-
tween the cell and surrounding buffer medium. As can be seen
from this equation, the magnetic force is dependent on the
product of the magnetic induction B (in T units) with the mag-
netic field gradient (in T/m). Since it is directly proportional to
the product of the two, it is often referred to as the “force
product,” and it is given in T*m units. The close-to-interface
gradient magnitude is in our case 10* T/m, which is smaller
than gradients achieved for periodically patterned structures
[45—47]. In general, as it is sketched in Fig. 9a, b, on the cells
in a buffer media layer besides magnetic force (£1,,5) @ buoy-
ancy force (F},) also acts, which can be expressed [48] as

where g is the gravitational acceleration in z-direction and p
is the difference between the volumetric densities of the cell
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Fig. 9 Forces acting on a
macrophages placed in magnetic
field. Magnetic (Fiyq,, black
arrow), gravity (Fgr,,, blue
arrow), buoyancy (Fg, dashed
arrow), and drag (Frg, red
arrow) forces exerted to cells due
to the presence of the magnetic
field gradient, gravity, and
surrounding cell media. N-S anti-
parallel arrangement of two
magnets is shown, and magnetic
force Fiyqg along the y-axis is
plotted to show where the
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strongest force above the two 7 e, W
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and the buffer medium. Also during the cell movement, it will
gain a velocity v and drag force Fy will be exerted on the cell.
Such force for a spherical object be calculated [49, 50] from
the following equation:

Fd = 6nf RV, (3)

where R is the radius of the cell, 7} is the dynamic viscosity
of the buffer medium, and fp, is the drag coefficient, which is
equal to 1 when the cell is distant from the container boundary.

Equation 1 shows that for positive Ay, the cells will be
drawn to the lines of the highest gradient, whereas for the
negative sign, the cells will be repulsed. Our experiments
showed that, indeed, cells are attracted to the highest gradient
(Fig. 7), where the strongest gradient area (region #1) coin-
cides with the area where higher density and elongated mac-
rophages were observed.

We have simulated the movement of the cells for two direc-
tions of the £, (Eq. 1) force determined by either positive or
negative signs of Ay susceptibility difference. Macrophages
were represented by spherical particles. Mass of each particle
was selected to match the mass of a macrophage and was in the
order of 70-80 x 102 g [51]. We have found that the calculat-
ed pattern of magnetic field-induced force vectors induced by
magnets explain very well the observed alignment and distri-
bution of elongated macrophages. In the simulation, we used
ANSYS (Maxwell) [42] and visual molecular dynamics
(VMD) [52] software packages. Maxwell allowed us to calcu-
late the magnetic field generated by the two magnets and the
corresponding vector field distribution of the magnetic force.
We limited movement freedom of spherical particles to a 2D
case, and, in addition, to simplify the calculation problem, both

viscosity and gravity effects were ignored. In our molecular
dynamic simulation initially at #=0 (Figs. 10a and 1la), we
considered 100 equally spaced, thus covering uniformly the
whole magnets’ area particles and no magnetic field present.
When there is no magnetic field-generated force, the particles
are not subjected to any force. We have neglected Brownian
force for this case because it is much smaller than magnetic
field-related force. However, when a nonuniform magnetic
field generated by underlying magnets was applied, the parti-
cles were moved on trajectories that follow the lines of the
magnetic force vectors. Figures 10 and 11b—d show the parti-
cles’ distribution at three time points. We carried out a simula-
tion for 20 x 10° steps, where each step was set as 0.005 s, and
the initial velocity (at = 0) was set to zero.

The final trajectories of particles under applied magnetic
field forces can be visualized from Figs. 10 and 11, where the
cases of repelling from and attracting to the highest gradient
lines are presented, respectively. The highest density of elon-
gated macrophages above the magnets’ interface line observed
in our experiments indicates that the A is positive because of
higher susceptibility of macrophages than the medium.

Also, observed attraction of macrophages to the highest
gradient areas allows the conclusion to be drawn that in our
experiments, the cells are less diamagnetic than the medium.

In Fig. 10, where the case of Ay <0 is depicted, the cells
are repelled from the area of the highest gradient, which
should result in no cells above the interface area because they
will be pushed to the lowest or no-gradient areas. When Ay >
0, the cells will be aligned along the lines of the high gradient.

Comparison of macrophage morphology showed that control
macrophages grown without the magnet were uniformly distrib-
uted and only slightly elongated (average length around 50 pum;
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Fig. 10 For Ay, negative macrophages are repelled from the highest
gradient areas. Simulated distribution of the cells located above two
magnets and exposed to nonuniform magnetic field as a function of
time. Negative sign of Ax was assumed. It describes the following
cases: a no magnetic field applied and uniform initial distribution

Fig. 8c). In contrast, macrophages grown in the presence of
magnets aggregated along the interface between two magnets,
and they were extremely elongated (average length exceeding
150 um; Fig. 8a). The shape and elongation of these macro-
phages were very similar to the RhoA-deleted or RhoA/
ROCK-inhibited hummingbird phenotype macrophages.

In addition, we observed that macrophages grown on mag-
nets were distributed in distinct columns/rows (Fig. 8b). Similar
columns of cells were observed in the wound-healing studies,
where the fibroblasts were elongated and arranged in columns
consisting of leader cells and following cells [53, 54]. These
studies showed that, within each column, the first cell that had
re-arranged its actin cytoskeleton and elongated was the leader
cell. Subsequently, the changes in the actin cytoskeleton of the
leader cell provoked the changes in the following cells and
caused a directional movement of all cells within the column.
By analogy, it is possible that a similar principle directs forma-
tion of the columns/rows of macrophages in response to the
magnetic field. We also observed that the elongated macro-
phages were aligned according to the magnetic forces’ pattern
(Fig.8a). We believe that this occurred because the elongated
macrophages have high diamagnetic anisotropy and, thus, are
susceptible to the rotational magnetic field-driven forces.
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Fig. 11 For Ay, positive macrophages are attracted to the highest gradient
areas. Simulated distribution of cells placed above the magnets as a
function of time for positive sign of Ay. In contrary to the case shown
in Fig. 10, the cells’ movement demonstrates that they are attracted to the
highest gradient lines (interface between and edges of the two magnets).
The following cases were considered: a no magnetic field applied with
initial uniform density of the cells, b magnetic field applied and the cells
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assumed, b magnetic field applied and the cells are repelled from the
highest gradient lines located above the interface between the magnets
and above magnet edges, ¢ magnetic field applied for longer than in b
case time, and d magnetic field is still applied and quasi equilibrium is
achieved

The observation that the magnetic field exposure changes
the shape of macrophages agrees with published observations
that the mechanical stress applied externally on the cell mod-
ifies visco-elastic properties of the cell cytoskeleton [49, 50,
55]. The question arises how the externally applied magnetic
field can change the organization of the intracellular cytoskel-
eton. The results of our study indicate that this happens
through changes in the ionic current and distortion of the cell
membrane. The influence of static magnetic fields on cell
morphology, cell membrane, and level of intracellular Ca**
has been observed previously in lymphocytes and human lung
(lymphoblast) U937 cells [56].

We showed that the macrophages exposed to the magnetic
field clustered the cation channel receptors TRPM2, which are
responsible for Ca™ homeostasis, and probably made them
nonfunctional. Because actin polymerization is ion current-
and Ca**-dependent, this affected actin polymerization and
resulted in macrophage elongation. We observed also that
RhoA-deleted macrophages had similar clustering of the re-
ceptors; in this case, these were the CX3CRI1 receptors, which
are responsible for the macrophage movement to the source of
the inflammation/transplanted organ [35]. We showed previ-
ously that, when the naive MO macrophage polarizes into M2
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are attracted to the highest gradient areas, ¢ magnetic field is applied longer
than in case b, and d magnetic field applied and equilibrium is reached.
Macrophages in the magnet corner areas are subjected to two magnetic
field-generated forces perpendicular to each other. This results in
“leaking” of the cells outside the magnets’ area along a diagonal direction,
as shown in insets. One of the magnet corners is marked with a square, and
insets depict “leaking” of the cells” dynamic
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phenotype, they elongate and start expression of the M2-
specific genes [10-12, 35]. This suggests that the magnetic
field-enforced elongation may also turn on the expression of
M2-specific genes in the macrophages.

This magnetically induced, elongated M2-like phenotype of
macrophages is very similar to the phenotype achieved by phar-
macological (Y27632 inhibitor) or genetic (macrophage-
specific deletion of RhoA) manipulation of the RhoA pathway
[10-12, 35]. This suggests that, after further in vitro and in vivo
studies, the magnetic field-gradient methodology may be a nov-
el approach to influence macrophage phenotype and functions.

Although the RhoA-deleted and magnet-grown macro-
phages have a very similar elongated, hummingbird phenotype,
there are also important differences, indicating a difference in
the mechanism(s) underlying the elongation phenomenon. In
the RhoA-deleted or RhoA-inhibitor-treated macrophages, the
focal adhesions accumulated in the macrophage tail. This
prevented detachment of the macrophage tail from the sub-
strate, while the front of the macrophage moved forward [35].
In contrast, in the macrophages exposed to the magnetic field,
the focal adhesions did not accumulate in the tail [41]. Also, the
effects of RhoA deletion and magnetic interference on the mac-
rophage Golgi complex were different. While RhoA deletion
caused reduction in the number and size of Golgi cisternae, the
magnetic interference caused dispersion of the Golgi [35, 41].
These differences indicate that the mechanism(s) underlying the
changes in the actin cytoskeleton induced by RhoA-deletion
and magnetic interference must be profoundly different.
Further studies are needed to shed more light on the effect of
the magnetic field on the macrophage actin cytoskeleton.

In summary, we showed that the magnetic field disrupted
the actin filament cytoskeleton in the macrophages, which in
turn caused macrophage elongation and interfered with the
organization of the Golgi complex and receptors. All these
changes imitated the effect of the deletion of RhoA in the
macrophages.

Conclusions

The data presented above indicate that bioengineering of the
shape of immune cells such as macrophages using genetic,
pharmacologic, or mechanical/magnetic interference with cel-
lular cytoskeleton profoundly affects macrophage functions
and prevents them from mounting an immune response.
Because genetic interference cannot be applied to humans
and drug/inhibitors are very often toxic and not approved for
clinical use, magnetic bioengineering has the potential to be
used in development of novel anti-rejection therapies in clin-
ical organ transplantation. In addition, because cancer cell
motility and divisions also depend on the cellular cytoskele-
ton, this novel methodology has the potential to be used in
designing anti-cancer and anti-metastatic therapies.

Recent in vitro studies showed that there is very clear in-
teraction between cells and the magnetic field [44, 45, 57], and
that the uniform and nonuniform field forces affect all aspects
of cell structure, differentiation, and behavior [57, 58]. In ad-
dition, it has been shown that the magnetic field gradients and
microgravity effects are very similar [S9-61]. One of the ways
to increase the effect of magnetic force on cells is to make the
environment more paramagnetic. The example is the use of
contrasting agents such as gadolinium in the magnetic reso-
nance imaging, which, because of its paramagnetic properties,
increases the magnetic force effect on cells [57]. It is known
that the rearrangements of cellular cytoskeleton, which occur
in cancer cells, result in increased cell migration and cancer
metastasis. Thus, similar to the macrophages, the magnetic
field interference may potentially be adapted to change the
cytoskeleton and behavior of cancer cells.
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