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Optically Induced Cell Fusion Using Bispecific

Nanoparticles

Daniella Yeheskely-Hayon,* Limor Minai, Lior Golan, Eldad J. Dann, and Dvir Yelin

Redirecting the immune system to eliminate tumor cells is a promising alternative to
traditional cancer therapies, most often requiring direct interaction between an immune
system effector cell and its target. Herein, a novel approach for selective attachment
of malignant cells to antigen-presenting cells by using bispecific nanoparticles
is presented. The engaged cell pairs are then irradiated by a sequence of resonant
femtosecond pulses, which results in widespread cell fusion and the consequent
formation of hybrid cells. The dual role of gold nanoparticles as conjugating agents
and fusion promoters offers a simple yet effective means for specific fusion between
different cells. This technology could be useful for a variety of in vitro and in vivo
applications that call for selective fusion between cells within a large heterogenic cell

population.

1. Introduction

Physical contact between cells is a key step toward the estab-
lishment of various signal transduction pathways that take
part in the complex intercellular communication system.
An important example is the interaction between immune
system effector cells and foreign cells, which involves cell
attachment, specific recognition, and the execution of various
mechanisms for destroying the foreign cell.ll Today, redi-
recting the immune system for the purpose of cancer cell
elimination is a promising alternative to traditional therapies;
various techniques have been studied in an attempt to pro-
mote attachment between tumor cells and cytotoxic T lym-
phocytes (CTLs)[2! or natural killer (NK) cells.”’! Coupling
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between the different cell types is often achieved by using
bispecific antibodies, i.e., molecules that possess high affinity
to receptors on two different cell types. Bispecific antibodies
were initially produced by chemical linkagel**! or heterohy-
bridoma,[’] and were shown to successfully bind malignant
cells to CTLs,”8] macrophages,’] and NK cells;['"] however,
such complex molecules are often difficult to synthesize
and may have poor chemical stability.''l In the last decade,
advanced molecular engineering approaches have enabled
the use of new and improved bispecific molecules,'2!3 which
address some of the difficulties faced by previous methods by
improving stability and potency.

Recent studies have shown that dendritic cells (DCs)
fused to primary tumor cellsl!#! from patients with ovarian
carcinoma,!’ breast carcinoma,'¥ malignant glioma,!”!
leukemia,['8land multiple myelomal’] have stimulated strong
CTL activity against autologous tumor cells.?*2!] The inte-
gration of the cytoplasm from a tumor cell into the DC may
facilitate the entry of tumor antigens into the DC’s antigen
processing and presenting pathway.?2l Cell fusion for these
applications most often involves the use of polyethylene
glycol (PEG),/?! which replaces the water molecules in con-
tact with the plasma membrane and compromises its integ-
rity. Although this method is relatively straightforward,
it often suffers from low efficiency and high toxicity.>*%]
Additional methods for promoting cell fusion involve the
use of electroporation/?! and viruses.””! The use of a tightly
focused femtosecond laser beam[?®! has also been proposed
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for promoting fusion between neighboring cells by rupturing
their membranes at specific locations.?*"] None of these
methods, however, is selective to specific types of cells, thus
preventing their potential use for in vivo therapy or for other
applications in which prior cell sorting or isolation is chal-
lenging or impractical.

Herein, we present a novel approach for specifically
engaging and fusing selected cells by using custom-designed,
bispecific nanoparticles and subsequent irradiation by a tai-
lored sequence of resonant femtosecond pulses. Our bispe-
cific nanoparticle comprises a gold sphere coated by a layer
containing two different antibodies having high affinity to
two target cells. The nanoparticles play a dual role in pro-
moting fusion: first, their dual affinity to both the tumor cells
and the immune system cells effectively binds these cells
together; second, their unique optical properties at resonance
irradiation conditions allow intense laser pulses to locally
compromise the cells’ membranes. By using this technique,
we demonstrate efficient selective coupling between malig-
nant B cells and antigen-presenting cells, followed by suc-
cessful fusion triggered by the irradiation of a few intense
laser pulses.

2. Results

2.1. Specific Attachment Using Dual-Affinity Gold
Nanoparticles

The abundance of well-defined clusters of differentiation
antigens CD20P! and CD86[* was detected by using flow
cytometry of Burkitt lymphoma B (BJAB) cells and human
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Figure 1. Bispecific nanoparticles. a) Flow cytometry histograms representing fluorescence
(secondary fluorescein isothiocyanate (FITC)-conjugated antibody) intensity of dendritic and
BJAB cells incubated with anti-CD86 (blue curves) and anti-CD20 (green curves). b) Schematic
of a bispecific anti-CD20-anti-CD86 gold nanopatrticle. c) Western blot analysis of the coating
molecules of the bispecific nanoparticles, showing the presence of both antibodies on the

particles. IgG=immunoglobulin G, HRP=horseradish peroxidase.
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monocyte-derived DCs, respectively (Figure 1a). A schematic
illustration of the structure of a nanoparticle having affinity to
both of these cells is shown in Figure 1b. The bispecific nano-
particles are obtained by mixing 25-nm-diameter gold spheres
with equal amounts of chimeric CD20 monoclonal antibody
(Rituximab) and human CD86 antibody, using o-pyridyldi-
sulfide-PEG-n-hydroxylsuccinimide (OPSS-PEG-NHS; 2000
kDa) as a linker between the antibodies and the gold surface.
Conjugation of both antibodies to the gold particles was con-
firmed (Figure 1c) by gel electrophoresis followed by Western
blot analysis, in which the antibodies were removed from the
particles and analyzed using specific antibodies.

The attachment between two different cells via a bispe-
cific nanoparticle is illustrated in Figure 2a. Following the
addition of the nanoparticles to the growth medium of
an equally (1:1) mixed BJAB (green labeled) and human
monocyte-derived dendritic (blue labeled) cell population
(Figure 2b), approximately 30% of the cells formed pairs or
small clusters of physically attached cells (Figure 2c). Signifi-
cantly lower cell attachment levels of 7, 6.5, and 4.5% were
observed when incubating similar cell mixtures with only
single antibody (anti-CD20) nanoparticles, nonspecific anti-
epidermal growth factor receptor (EGFR)-coated nanoparti-
cles, and in the absence of nanoparticles, respectively.

A closer view of a fixated BJAB-DC pair is shown in
the false-color scanning electron microscopy (SEM) image
(Figure 3a), revealing the light-toned BJAB cell (green)
attached to the larger and feature-rich DC (blue). A magni-
fied view (Figure 3b) of the region marked by a rectangle in
Figure 3a, overlaid by an atomic-number-sensitive image of the
same field of view, reveals a relatively uniform distribution of
the individual gold nanoparticles (orange-
yellow) on the plasma membranes of both
cells, without any noticeable particle aggre-
gation. Based on these images, we estimate
particle densities of approximately 40 and
12 particles um~2 on the BJAB and the DCs,
respectively. As expected, due to the pres-
ence of numerous identical antibodies on
each particle, attachment between cells of a
similar type after incubation with bispecific
nanoparticles was also evident: more than
40% of the BJAB cells and approximately
2% of DCs appeared as part of small
(2-10 cells) clusters.

nanoparticles

2.2. Optically Induced Fusion between
Engaged Cells

Cells engaged in a physical contact do not
normally fuse together in the absence of
specific biological or chemical induction
signals. Consequently, spontaneous fusion
events were not observed at any of the
cell cultures even after several hours. In
a previous work[®*! we have shown that
cells within a homogeneous solution incu-
bated with monospecific (single antibody
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Figure 2. Cell coupling using a bispecific nanoparticle. a) Schematic
illustration of nanoparticle-mediated coupling between a malignant B
celland a DC. b) Fluorescence-phase contrast image of BJAB cells (green
cytoplasm) attached to DCs (blue nuclei). Scale bar represents 10 um.
c) Cell attachment efficiency using different nanoparticles. (+) indicates
P <0.0001.

coating) gold nanospheres were led to fuse following irra-
diation by a few high-intensity femtosecond pulses that were
tuned to the plasmonic resonance wavelength of the nano-
particles. The fusion efficiency of cells of different types was
extremely low in these experiments due to the random and
transient physical contacts between the cells.

To demonstrate specific cell fusion, the entire volume of the
culture containing the coupled BJAB-DC pairs was washed
off the unbound nanoparticles and irradiated by a sequence
(ten pulses, 1 kHz repetition rate) of intense (12 mJ cm™),
ultrashort (50 fs), resonant (545 nm wavelength) laser pulses.
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Figure 3. Bispecific gold nanoparticles on the plasma membrane of
a coupled BJAB-DC pair. a) SEM image of the dendritic (false color
blue) and BJAB (false color green) cell pair. Scale bar represents 1 pum.
b) Magnified view of the region marked by a rectangle in (a), overlaid
by a back-scattering detection image that reveals the presence of gold
nanoparticles (false color yellow). Scale bar represents 200 nm.

Time-lapse fluorescence-phase contrast imaging of two
exemplary fusion events between BJAB and DCs is shown
in Figure 4a. Data analysis based on 1000 cells revealed that
fusion between BJAB and DCs was less common (7%) than
fusion between homogeneous pairs (or clusters) of BJAB
cells only (20%). Moreover, DC-DC fusion was not detected
at all, unless a BJAB cell was involved in the fusion process
into a DC-DC-BJAB cell hybrid. The irradiated BJAB cells
and DCs that were in physical contact showed first signs of
morphological changes immediately after irradiation, toward
the formation of hybrid cells with a unified cytoplasm after
20-30 min (Figure 4a). A schematic model of the fusion pro-
cess between engaged cells irradiated by femtosecond pulses
is illustrated in Figure 4b, which depicts the local disruption
of the cells’ plasma membranes initiated by the several tens
of nanometers in diameter®3] cavitation bubble that has
been formed around the particle.l*]

In addition to DCs, foreign or tumor antigens could also
be presented to the adaptive immune system by macrophages,
following attachment and fusion with the target cells. To dem-
onstrate the induction of fusion between macrophages and
malignant B cells, monocyte-derived macrophages expressing
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Figure 4. Fusion between dendritic and BJAB cells. a) Two time sequences of fluorescence-
phase contrast images of fusing BJAB cells (green cytoplasm) and DCs (blue nuclei) following
incubation with anti-CD20-anti-CD86 nanoparticles and irradiation by ten pulses. Scale
bars represent 10 um. b) Schematic illustration of the fusion process between attached cells

triggered by femtosecond pulses.

CD86 surface receptors were mixed with CD20-expressing
BJAB cells and incubated within a medium containing bispe-
cific anti-CD20-anti-CD86 nanoparticles. After 15 min of
incubation, nearly 50% of the macrophages in the culture
were found attached to BJAB cells (Figure 5a,b), a signifi-
cantly higher rate compared with coupling in a nanoparticle-
free medium (20%). In contrast, the use of monospecific
anti-CD86 nanoparticles resulted in 26 % macrophage-BJAB
cell attachment and 30% macrophage-macrophage attach-
ment. After irradiation by a single sequence (ten pulses,
1 kHz repetition rate) of femtosecond pulses, approximately
9% of the macrophage-BJAB cell pairs were successfully
fused. A typical fusing pair of cells is shown in a time-lapse
image sequence in Figure 5c, which reveals the plasma mem-
brane fusion (phase contrast, top row), cytoplasmic (green
fluorescence, second row) transfer from the BJAB cell during
fusion, and gradual passage of the nuclear blue marker from
the macrophage nucleus to the BJAB cell nucleus (third
row). Consistently, the fused cells remained viable more than
24 h after irradiation in all fusion experiments.

3. Discussion

Although gold nanoparticles are relatively chemically inert
within biological tissue, they could strongly bind through

D. Yeheskely-Hayon et al.

various ligands to targeting molecules,
thereby yielding simple, cost-effective, and
stable conjugates of substantial binding
specificity.’”-3] Their targeting efficiency
could be further enhanced by using mul-
tiple targeting molecules,®! resulting in
an inherent ability to attach together cells
that express different receptors, through
strong chemical bonds. Once the cells are
attached, the unique optical properties
of the gold particles could be utilized to
promote fusion. While the exact mecha-
nism by which the irradiated nanoparticles
promote cell fusion is as yet unclear, it is
most likely triggered by the mechanical
effect around the irradiated nanoparticles,
which destabilizes the adjacent plasma
membranes,[*! thus leading to the for-
mation of a single hybrid cell with a
unified cytoplasm. In our experiments,
when the fluence of the femtosecond
pulse train exceeded a certain threshold
level (typically five pulses of 20 mJ cm™
each), cells often underwent widespread
necrosis, most likely due to their inability
to effectively recover from the extensive
membrane destabilization or rupture.
Interestingly, cells that were undergoing
fusion were less prone to necrosis than
individual cells or unfused pairs of cells.
A partial possible explanation for this
observation is the lower surface area of
the fusion product, which allows its plasma
membrane to restore its integrity rapidly
and more effectively. Another interesting observation was
the mediating role of the BJAB cells in the fusion between
two DCs, which resulted in the formation of numerous DC-
DC-BJAB cell triplets. This property may potentially be used
in various future applications to increase fusion efficiency
between nonfusogenic cells.

Fusing different cells having different complementary
properties into a single hybrid product of desired properties
would be extremely valuable for various applications in tissue
regeneration*! and drug development,[*?] and for the estab-
lishment of new therapeutic strategies.[*** In this proof-of-
concept study, we have demonstrated specific fusion between
tumor cells and DCs, the role of which in cancer vaccination
is well characterized,?!l as well as fusion between tumor cells
and macrophages, which are known to be involved in various
immune regulation pathways;*>#! the macrophages’ exact
role in stimulating antitumor response following fusion with
cancer cells, however, is as yet unknown.

For specific applications, further research would be
required for testing the functionality of the hybrid cell prod-
ucts. One potential obstacle for some applications would be
the presence of remaining nanoparticles on the plasma mem-
branes of the fusion products, which could interfere with
their antigen presentation process. The remaining nanoparti-
cles could also inhibit immune regulation processes that are
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Figure 5. Macrophage-B cell coupling and fusion. a) Three selected regions of interest from a fluorescence-phase contrast image of macrophages
(blue nuclei) and BJAB cells (green cytoplasm) after incubation with anti-CD20-anti-CD86 nanoparticles. Bar chart: Macrophage-BJAB and
macrophage—-macrophage attachment efficiency for different particles. () indicates P<0.0001. b) Time-lapse image sequence of fusing macrophage
(top right) and BJAB (bottom left) cells following pulse irradiation. Phase contrast, green, and blue fluorescence images (top, middle, and bottom
panels, respectively) show the redistribution of the cells’ content during fusion. Scale bars represent 10 um.

usually initiated via the conjugated receptors. One could avoid
these difficulties by developing a method for nondestructive
removal of the nanoparticles from the fusion products, or
alternatively, by minimizing the total particle concentration
during the course of the attachment—fusion process. Finally,
antibody detachment from the gold nanoparticles could be
harmful for various in vivo and ex vivo applications, due to
undesired triggering of complement-dependent cytotox-
icity.[*’] The problem could be minimized by optimizing the
antibody-to-particle ratio within the bispecific nanoparticles,
thereby minimizing the amount of released antibodies.

4. Conclusion

In summary, we have presented a novel technique for selec-
tive fusion between antigen-presenting cells and tumor cells,
by using specifically designed nanoparticles for the attach-
ment of selected cells, and fusion of their plasma membranes
following irradiation by a short sequence of resonant femto-
second laser pulses. The low toxicity of the gold particles, high
specificity, efficiency, and relative simplicity of this approach
would make it useful for a wide range of biomedical appli-
cations, and open new possibilities in biotechnology and in
fundamental biological research. This approach would also
broaden the use of nanotechnology for various biomedical
applications by offering effective means for triggering and
controlling desired interactions on a nanometer scale, poten-
tially resulting in a more accurate research procedure and
less invasive medical intervention.
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5. Experimental Section

Cell Cultures: BJAB cells were grown at 37 °C and 5% CO, in
RPMI-1640 medium (Sigma, Israel) supplemented with 2 mm glu-
tamine, 5 mm sodium pyruvate, and 10% heat-inactivated fetal
bovine serum. Cells were maintained at a concentration below 10°
cells per mL to allow logarithmic growth.

Isolation and Differentiation of Dendritic Cells and Mac-
rophages: Peripheral blood mononuclear cells from a consenting
healthy donor were isolated by Lymphoprep (Axis Shield, Norway)
density centrifugation according to the manufacturer's pro-
tocol, and cultured in RPMI-1640 with 5% autologous plasma for
1-2 h. Nonadherent cells were removed, and the adherent popu-
lation was cultured for 5-7 days in RPMI-1640 containing only 5%
autologous serum or RPMI-1640 containing 5% autologous serum,
500 units mL™! recombinant human interleukin-4 (BioVision, USA),
and 1000 units mL™! granulocyte macrophage colony-stimulating
factor (BioVision, USA), to yield macrophages and immature DCs,
respectively. Half-volume medium replacement was performed
every 3 days. DC maturation was obtained by adding 100 units mL™!
of tumor necrosis factor-o. (BioVision, USA) to the medium at day 7.

Nanopatrticle Preparation: Gold nanoparticles were prepared
using a citrate reduction protocol“® resulting in an average particle
diameter of 25 nm. Anti-CD20 (Rituximab, Roche Israel) and anti-
CD86 (BioLegend, USA) coating of gold nanoparticles was carried
out according to Weiss et al.*9 with some modifications. Briefly,
antibodies were incubated with OPSS-PEG2000-NHS (JenKem,
USA) for 1 h in a mole ratio of 1:5000, followed by an additional
1 h of incubation with gold nanospheres in a mole ratio of 1:10°

www.small-journal.com
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gold nanoparticles:OPSS-PEG2000-NHS. Glycine (30 mm) was
added for overnight incubation followed by three washes with
phosphate-buffered saline (PBS). Conjugation of both anti-
bodies to the gold particles was confirmed by detaching the
antibody coating layer from the gold nanospheres by using
B-mercaptoethanol and analyzing the reduced solution using gel
electrophoresis followed by Western blot analysis.

Scanning Electron Microscopy: Cells were fixed with 3% glu-
taraldehyde and mounted on polylysine-coated silicon chips (Ted
Pella, Inc.). Samples were then fixed with 1% osmium and dehy-
drated as described elsewhere.[®! The microscope system used
(Zeiss Ultra Plus HRSEM) was equipped with a Schottky field-
emission electron gun and BalTec VCT100 cold stage maintained
at-150 °C.

Specific Attachment and Fusion Experiments: BJAB cells were
stained with 1 um calcein acetoxymethyl ester for 15 min at room
temperature, followed by three PBS washes. DCs and macrophage
nuclei were stained with Hoechst 33342 (2 ug mL™!; Sigma, Israel)
for 15 min at room temperature followed by washes with PBS and
3 min of incubation with trypsin, in order to obtain nonadherent
antigen-presenting cells (APCs). Cells were then mixed in a 1:1
ratio (APCs:BJAB cells) in the presence of antibody-coated gold
nanoparticles (5 x 10'° particles mL™) for 20 min at room tem-
perature under moderate shaking. Following incubation, the cells
were washed three times with PBS and seeded on eight-well
chamber slides (Lab-Tek Il, Thermo Scientific). Pairs of APCs and
BJAB cells were then counted based on the cells' morphology and
fluorescent dyes. The statistical significance of the results was
assessed based on counting at least 500 cells and using a two-
proportion z-test.

Laser Pulse Irradiation: A beam from a Ti:sapphire oscillator
(Tsunami, Spectra Physics) was amplified (Spitfire Pro XP, Spectra
Physics) and wavelength-tuned to 545 nm by using an optical par-
ametric amplifier (Topas-C, Spectra Physics). The pulse duration
was 50 fs at a 1 kHz repetition rate. Cells were irradiated within
eight-well chamber slides (Lab-Tek Il, Thermo Scientific), which
were placed within a microscope incubator (Okolab Inc.) at con-
trolled temperature and CO, concentration. The irradiation pattern
was a 35 x 35 rectangular array of 250-um-diameter spots (approx-
imately 75 mm? total area). Multiple pulse irradiation per spot was
achieved by scanning the beam at lower rates, so that each point
was irradiated by several consequent overlapping spots.
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