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Cell Surface Engineering to Control Cellular Interactions

Catarina A. Custédio™ ® and Jodo F. Mano*® ™

(Abstract: Cell surface composition determines all interac-
tions of the cell with its environment, thus cell functions
such as adhesion, migration and cell-cell interactions can
potentially be controlled by engineering and manipulating
the cell membrane. Cell membranes present a rich repertoire
of molecules, therefore a versatile ground for modification.
However the complex and dynamic nature of the cell surface
is also a major challenge for cell surface engineering that
should also involve strategies compatible with cell viability.
Cell surface engineering by selective chemical reactions or
by the introduction of exogenous targeting ligands can be

a powerful tool for engineering novel interactions and con-
trolling cell function. In addition to chemical conjugation
and modification of functional groups, ligands of interest to
modify the surface of cells include recombinant proteins, lip-
osomes or nanoparticles. Here, we review recent efforts to
perform changes to cell surface composition. We focus on
the engineering of the cell surface with biological, chemical
or physical methods to modulate cell functions and control
cell-cell and cell-microenvironment interactions. Potential
applications of cell surface engineering are also discussed.

/

Introduction

Living cells are sensitive to their environment. This means that
they detect and respond to events in their surrounding envi-
ronment.™

The surface of cells contains a diversity of receptors that
serve as the primary conduits for transmission of environmen-
tal information into the cell’s signaling network. (Figure 1).
Also, many of these surface ligands may be associated with
other cells or with extracellular materials, regulating extracellu-
lar communication. Thus, different strategies or chemical reac-
tion methodologies can be used to functionalize cell mem-
branes.

Natural extracellular matrix (ECM) serves as both a structural
scaffold and a substrate for the display of signaling ligands.**
During the past decades several works have been focused on
developing synthetic materials to control cell behavior, mimick-
ing or reconstituting the ECM in various ways.” In a similar ap-
proach, recently Salmeron-Sanchez and co-workers proposed
the concept of living biointerfaces to control cell fate.”’ They
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investigated the potential of a living interface based on L.
lactis expressing a fibronectin fragment as a membrane pro-
tein to enhance cell adhesion and direct cell differentiation.
Conversely, strategies to engineer and manipulate cell-surface
interactions involving chemical modification of the cell mem-
brane, or using the cellular adhesion machinery itself through
genetic engineering only recently started to be explored.
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Figure 1. Representation of the cell surface structures and the principal
methodologies used for cell engineering: 1) Chemically modified liposomes
fuse with the cell membrane, incorporating functional groups. 2) Site-specif-
ic protein modification via genetic engineering. 3) Covalent immobilization
of biotin to membrane proteins via amine group followed by streptavidin-
biotin binding of nanomaterials. 4) LbL technique to deposit functional, het-
erostructured polymer films at the cell’s surface. 5) Metabolic labeling of gly-
cans with synthetic sugars. 6) Covalent conjugation of target molecules and/
or nanomaterials via thiol groups. 7) Covalent immobilization of biotin to
membrane proteins via amine group followed by streptavidin-biotin binding
of target molecules.
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In this review, we will focus on the advanced techniques to
engineer cell surfaces, describe their potential and challenges,
highlighting the strategies that have been explored to regulate
cell-cell and cell-extracellular matrix interactions.

The cell membrane is a highly complex and dynamic envi-
ronment comprising lipids, proteins and carbohydrates, which
mediate extracellular communication.® This rich repertoire of
molecules presents an excellent opportunity to engineer the
cell membrane and a powerful tool to manipulate interactions
between cells and the surrounding environment. However, cell
surface engineering is particularly challenging due to the fact
that the cell membrane in not a static structure.”™ It should
also be noted that any process for cell surface engineering
must be performed using minimal alterations to the biological
environment of living cells, as slight alterations of pH, tempera-
ture, ionic strength and osmolality lilcan have a significant
influence M.

Cells can be engineered by chemical modifications in the
cell membrane through chemical conjugation or non-covalent
interactions. Furthermore, cells can be tailored with nanomate-
rials or coated using layer-by-layer (LbL) strategies for engi-
neering novel interactions and controlling cell function. Some
of these engineering techniques still require optimization to
improve the efficacy and targeting effectiveness while minimiz-
ing any loss of cell function. In this review we will first describe
which molecules of interest comprise the membrane and how
they are arranged, then we summarize key methodologies
used to manipulate the surface of living cells. We will then dis-
cuss how these cell modifications can be applied to control
cell function or enhance the therapeutic potential of cellular
products. Finally, we will outline future trends and perspectives
of this breakthrough field.

The cell surface

The interactions of cells with the surrounding environment are
mediated by the cell membrane, thus it is worth considering
the biomolecular composition of the membrane and how
these molecules are arranged. Cell membranes are composed
of a lipid bilayer, containing proteins that span the bilayer on
either side of the two leaflets designed to perform the func-
tions cell require.® Proteins are central molecules in cell-ECM
interactions, typically through the creation of attachment
points linking the cytoskeleton to extracellular binding sites.
The capacity to manipulate cells interactions with the sur-
rounding environment will certainly be dependent on our abil-
ity to control the function of these proteins. Integrins are a su-
perfamily-of transmembrane cell adhesion proteins that bind
to ECM ligands, cell-surface ligands, and soluble ligands. Syn-
decans and lectins are a family of transmembrane core pro-
teins that act synergistically with integrins as co-receptors for
ECM proteins that bind specific carbohydrates. Many mem-
brane proteins and lipids are conjugated to polysaccharides,
which comprise the glycocalyx, or cell coat, of all cells.” Cell
surface glycans also play crucial roles in various physiological
events involving cell surface recognition."®" Unfortunately,
the heterogeneous nature of cell surfaces, particularly with re-
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spect to glycoconjugate structures, has frustrated molecular-
level studies of glycan function.

Cell surface engineering is challenging due to the fact that
the plasma membrane is a dynamic structure: both lipid and
protein components of the membrane are continuously inter-
nalized, displaced, degraded, and replaced by de novo synthe-
sis.'? Chemical conjugation and/or insertion of target mole-
cules, nanomaterials or patches within the plasma membrane,
are some particularly important trends in cell engineering that
will be discussed below. These strategies to decorate cell’s sur-
face would enable a close control in cell behavior, from cell ad-
hesion to cell migration, proliferation or differentiation.

Strategies for Cell Surface Bioengineering
Genetic engineering

Genetic engineering is well-established as a robust and highly
versatile methodology employing the cell’s biosynthetic machi-
nery to modify the genetic programming of cells."® The modu-
lation of cell surface receptor expression through genetic
modification was recently exploited to alter cell surfaces, re-
modeling extracellular communication. The base of genetic en-
gineering is the inclusion of exogenous genetic material into
the cell to express or regress specific cell surface molecules to
achieve the preferred outcome.®™ Some recent studies have
focused on the expression of key cell surface receptors in-
volved in stem cell recruitment and migration."™ Genetic ma-
nipulation of integrin expression in cells could significantly im-
prove cell engraftment, increasing the efficiency of cell therapy.
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Mrksich and co-workers have used cell engineering and syn-
thetic surface chemistry as complementary strategies to pro-
mote unique specific ligand-receptor interactions."® They con-
structed a chimeric receptor that contains the intracellular and
transmembrane domains of 31 integrin combined with other
specific domains providing a new specificity for the binding of
the receptor to ECM. Cells expressing the modified receptor
adhered and spread selectively on the target substrates. The
same group described an approach for integrating cellular ac-
tivities and electrical processes in an underlying substrate by
cell surface engineering."” Using genetic manipulation they in-
troduced enzymes at the cell surface that will modify electro-
active monolayers, enabling electronic transduction of biologi-
cal activity. Genetic manipulation was also used to introduce
bio-orthogonal reactive groups into cell surface proteins, creat-
ing sites for selective modification of cells. For example, Ting
and co-workers developed a robust methodology to label site
specifically cell surface proteins with biotin groups.'® They ge-
netically attach a specific peptide to either terminus of the
protein of interest and add recombinant enzyme biotin ligase
that site-specifically biotinylates a lysine side chain within the
peptide to the cell medium. These biotin groups can then be
targeted with streptavidin conjugates. The same enzyme cata-
lyzes ligations that also permit the derivatization of membrane
proteins with ketone groups, which further extends the spec-
trum of possible conjugates."” Membrane associated proteins
can also be site-specifically modified by using a genetically en-
coded aldehyde tag.”™ Proteins bearing this aldehyde tag are
then chemically modified by selective reaction with hydrazide-
or aminooxy-functionalized reagents. The precise chemical
control offered by the aldehyde tag method should enable the
development of new protein products for research and thera-
peutic purposes. Despite the great achievements and promis-
ing results, genetic manipulation of cells is technically chal-
lenging dealing with regulatory and safety issues. To overcome
these issues there is growing interest in devising

novel bioconjugation, protein engineering, chemistry,

and material science approaches for cell surface en- A
gineering.”?"

Chemical modification

In contrast to genetic engineering that is mostly
used to manipulate proteins at the cell's surface,
chemical modification may be used to manipulate
lipids, proteins or glycans. Chemical functional
groups naturally present on this biomolecules at cell
surface are appealing sites for functionalization using
covalent conjugation. The most commonly used
chemical groups include, amines, sulfhydryl, carboxyl
and carbonyl groups present in proteins and other
cell surface molecules. It is worth to note that chemi-
cal reactions on the cell surface should be selective
without any nonspecific modifications and per-
formed under mild conditions.

Biotinylated PLA-PEG microparticle
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protocols, easily available conjugation linkers and mild reaction
conditions. The most common reaction to modify primary
amines involves reaction with n-hydroxysuccinimide (NHS)
ester. This strategy was used for the direct coupling of succini-
midyl ester-functionalized polyethylene glycol (PEG) to cell sur-
face amines of pancreatic islets.”” Such modification has been
studied toward preventing immune responses of host for suc-
cessful islet transplantation

Using a similar chemistry, biotin has been covalently conju-
gated on the cell membrane that can be subsequently func-
tionalized through strept(avidin). Such functionalization allows
for the immobilization of different functional molecules. Salem
and co-workers reported a quick cell surface functionalization
with biotin for the preparation of synthetic biodegradable mi-
croparticle-biological-transfected-cell_hybrids.”® Microparticles
displaying a biotin-enriched surface can bound to the biotiny-
lated cell surface with avidin as a bridging protein (Figure 2).
The microparticles can easily be loaded with proteins, immu-
nostimulatory molecules, or growth factors. This system has
therefore significant potential for multifunctional drug delivery
applications. This approach has been also used to functionalize
mesenchymal stem cells (MSCs) with Sialyl Lewis X (SLeX) or
platelet-derived growth factor (PDGF) sensing aptamer.?*%

Thiols, present in the cysteine residues of proteins, are an-
other important chemical compound used for cell surface func-
tionalization. A major advantage of thiol-based functionaliza-
tion strategies is the wide range of available reagents for label-
ing this functional group. Cell surface thiols are present either
in oxidized disulfide bridges or in reduced thiol groups. The
most widely used covalent reactions involve maleimide-activat-
ed molecules that specifically react with thiol groups. For ex-
ample, maleimide-functionalized PEG was used for chemical
modification of red blood cells (RBCs) to camouflage the blood
group antigens from their antibodies.”® The protocol involves
the modification of a set of surface amino groups of protein as

{
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Figure 2. A) Schematic depiction of the self-assembly of microparticle-cell hybrids.
B) SEM image of self-assembled microparticle-cell hybrids (scale bar=1.5 um), C) fluores-
cence microscopy overlay image ofHEK293 cells transfected with green fluorescent pro-

tein and assembled with PLA-PEG-biotin microparticles loaded with rhodamine 123 (555/

Amine groups are widely used for chemical modifi-
cation of cell membranes due to well-established
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580 nm, 494/518 nm, scale bar=1.5 um). (Reprinted with permission from [23]. Copy-
right © 2008 Wiley-VCH Verlag GmbH & Co. KGaA.)
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maleimide-reactive thiols (thiolation) followed by the conjuga-
tion of maleimide PEG to these sites. In another study Stephan
and co-workers have conjugated nanoparticles functionalized
with thiol-reactive maleimide head groups on cell membranes
via maleimide-based chemistry for actively targeted drug deliv-
ery.?

A few strategies for engineering cell-surface glycans have
been reported for applications such as studying cell-surface
phenomena, including receptor clustering.”® Chen and co-
workers proposed the cell-specific metabolic glycan labeling
using ligand-targeted liposomes to deliver unnatural sugars to
target cells in a cell-surface receptor dependent manner.”® The
delivered sugars are metabolically incorporated into cell-sur-
face glycans. Using a similar approach, Hsieh-Wilson and co-
workers recently developed a method to display specific sulfat-
ed glycosaminoglycans (GAGs) structures on cell surfaces using
a liposomal fusion strategy (Figure 3).2Y To promote mem-
brane fusion and surface presentation of the glycans they used
cationic 1,2-dioleoyl-3-trimethylammonium-propane chloride
(DOTAP) and neutral 1,2-dioleoyl-sn-glycero-3-phosphatidyle-
thanolamine (DOPE) as primary lipids to fabricate the lipo-
somes. It was shown that tailoring neuron cells with chondroi-
tin sulfate GAGs activates growth factor-mediated signaling
pathways and enables the fine-tuned modulation of neuronal
growth.

The cell membrane is complex and rich in chemical groups
but some functionalities are not available for direct covalent
reaction under feasible conditions.*" To enhance the capability
of covalent modification on cell surfaces, specific functionalities
may be introduced on cell membrane. Biomimetic reactions
(e.g., biotin-(strept)avidin and antibody-antigen) are appealing
for cell modification, as cells may recognize those reactions to
be part of natural processes. A pioneering study from Bertozzi
and co-workers reported the use of cell metabolism to intro-
duce a reactive functional group into the cell surface-associat-
ed sialic acid residues.*? Remodeling of cell surface was per-
formed by the condensation of ketones with aminooxy or hy-
drazide reagents, resulting in the introduction of ketone

[o}
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d Membrane Fusion,

Lipid Insertion
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Figure 3. A) Strategy to remodel cell surfaces with CS GAGs and control sig-
naling pathways. B) Representative images of neurite outgrowth for neurons
treated with unmodified liposomes or liposomes displaying CS-A-, CS-C-, or

CS-E-enriched polysaccharides. (Reprinted with permission from [30]. Copy-

right © 2014 American Chemical Society.)
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groups. Because the display of ketone groups is achieved
through the action of the biosynthetic machinery it may be
used to engineer cell surface in vivo.

Francis and co-workers have developed a synthetic method
based on the introduction of specific chemical handles onto
cell surfaces by using metabolic oligosaccharide engineering.*
Azides were incorporated into cell surface glycans by the intro-
duction and further metabolism of the unnatural azido sugars.
These unnatural sugars are metabolized to the corresponding
azide within membrane associated glycans. This functional
group was then used to include an oligonucleotide sequence
at the cell's surface. Modified single strand (ssDNA) was pre-
pared with a phosphine group through the reaction of a 5'-
amine-modified ssDNA with a phosphine pentafluorophenyl
ester. The phosphine-ssDNA conjugate undergoes the Stau-
dinger ligation with the azide to form the expected amide-
linked product.®¥

Electrostatic interactions

Layer-by-layer (LbL) self-assembly is a thin film fabrication tech-
nigue with physiological versatility that works by depositing al-
ternating layers of materials usually exhibiting opposite
charge After the interaction between the negatively
charged cell membrane and a positively charged polyelectro-
lyte, the cell surface may be turned positive. After a certain
number of cycles a multilayered structure with tunable robust-
ness may be generated, creating a defined microenvironment
for cell differentiation and proliferation, as well as a model for
studies in cell biology. This method has been used for a variety
of cell types or living tissues such as pancreatic islets and
using diverse natural polymers.3"!

LbL of alginate and chitosan-graft-phosphorylcholine was
used to coat RBCs to form a barrier that prevents the recogni-
tion of antigenic sites by antibodies.*® In addition to the
immune protection the LbL self-assembly of polyelectrolytes
on RBCs preserved their viability and functionality. Mouse
MSCs have been individually encapsulated by polyelectrolyte
layers of poly (L-lysine) and hyaluronic acid using LbL resulting
in a capsule consisting of nanolayers of thickness around 6-
9 nm, cell viability of encapsulated cells was demonstrated for
up to one week.” In a more recent study LbL using gelatin
and alginate as polycation and polyanion was used to encap-
sulate single neural stem cells (NSCs).*” The enhancement of
proliferation was found in NSCs encapsulated with IGF-
1 loaded materials, demonstrating the successful application of
the encapsulation model in improving the properties of NSCs
(Figure 4). In addition, the survival rate of NSCs was maintained
for at least 10 days. The external coating of the multilayers can
be in principle designed to increase the functionality of the
cells, including targeting capability, adhesion to surfaces and
other cells. Moreover, it could provide assembling capacity to
generate higher-scale organized structures using the coated
cells as building blocks.

The LbL technique shows great potential for cell modifica-
tion, as is easy to perform, may be performed in mild condi-
tions and does not require covalent conjugation.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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suspended in suspended in suspended in
Polycation solution Polyanion solution Palycation solution
—_— —_— —_—
centrifuge and wash centrifuge and wash centrifuge and wash
AigE NSCs coated with NSCs coated with NSCs coated with
S
Polycation Polycation/Polyanion (Polycation),/Polyanion

Figure 4. lllustration of the major steps involved in the LbL encapsulation: NSCs were first suspended in the polycation solution and then centrifuged and
washed. The polycation layer was supposed to be on the cell surface. Next, the polycation-coated NSCs were put in the polyanion solution to add a second
layer. The LbL encapsulation would be completed after several repetitions of this process. (Reprinted with permission from [40]. Copyright © 2014 American

Chemical Society.)

Nanopatches and Nanoparticles

Synthetic nanomaterials have a significant role to play in cell
surface engineering, due to their unique properties and ability
to provide functionality beyond that achievable by single mol-
ecules. Alternatively to the total and uniform cell surface modi-
fication achieved using LbL technique, the modification of
a portion of the cell surface using nanoparticles or nanopatch-
es offers other possibilities of tailoring the cell surface. Howev-
er, nanoscale objects are easily internalized by cells limiting the
tailoring of the surface of the cells. The reduction of internali-
zation is therefore the key to construct effective modification
of a portion of the cell membrane. For example Rubner and
co-workers studied the influence of cell membrane-attached
multilayered patches containing superparamagnetic nanoparti-
cles onto lymphocytes surfaces on cell viability and migration
(Figure 5A).*" The functional multilayered patches were suc-
cessfully attached to a fraction of the surface area of living in-
dividual lymphocytes. Surface-modified cells remain viable at
least 48 h following attachment of the functional patch. More-
over patches carrying magnetic nanoparticles allow the cells to
be spatially manipulated using a magnetic field, extending
their use in regenerative medicine.*” Using the biomolecular
recognition through the avidin-biotin interaction, Anderson
and co-workers developed nanoparticulate cellular patches
that were anchored on MSCs possessing biotinylated plasma
membrane. These nanoparticulate patches remain on the
membrane of cells for days and provide a new system for cell-
mediated tumoritropic drug delivery.” A different method
was recently proposed by Guan and co-workers, based on the
use of microcontact printing (UCP) of polymeric biomaterials
for functionalizing and assembling live cells (Figure 5B)."** The
method started by spin-coating a thin layer of a temperature-
sensitive sacrificial layer on a glass slide. A stamp coated with
the material for functionalization is then placed in contact with
the sacrificial layer. Cells are seeded on the slide at 37°C to
allow immobilization of the cells to the printed biomaterials;
subsequently a decrease to room temperature allows the re-
lease of cell-biomaterial complexes. This strategy was then to
generate cell-biomaterial complexes consisting of microcon-
tact-printed structures of various sizes, shapes and materials.
We envisage that such methodologies could be combined
with other surface modification of cells, as upon adhesion the
dorsal portion of the cells is susceptible to be modified.
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Figure 5. A) Overview of a cell functionalization scheme, with confocal
images demonstrating each step. (1) A regular array of surface-bound patch-
es spaced 50 um apart. The green fluorescence is from the FITC-PAH used to
fabricate the payload region. After CH27 B-cell incubation and attachment
(2), a majority (85 =+3%) of the surface-bound patches are occupied. The red
fluorescence is from CellTracker Red CMPTX, which nonselectively tags the
interior of living cells. (3) After the temperature is reduced to 4°C for

30 min, the patches are released from the surface while remaining attached
to the cell membrane. All scale bars are 25 um. (Reprinted with permission
from [41]. Copyright © 2008 American Chemical Society.) B) Procedure of
functionalizing or assembling live cells with microcontact-printed biomateri-
als using spin-coated PNIPAM as the sacrificial layer. Microparticles and
single cells are used here as a model system. (Reprinted with permission
from [44]. Copyright © 2014 Elsevier.)

Overall the herein-described methods for cell functionaliza-
tion confirm that cell-nanomaterials conjugations may act as
an ideal system for cell function remodeling and drug release
to effectively improve cell-based therapies.

Goals of Cell Engineering
In vivo cell migration

Cell based therapies have attracted increased attention in bio-
medicine. One of the greatest challenges in cell-based thera-
pies is to minimally invasively deliver a large quantity of viable
cells to the target tissue. For example the inefficient homing of
systemically delivered MSCs, is caused predominantly by inade-
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quate expression of cell surface adhesion receptors.* It was

already reported in this review that covalently conjugated
SLeX on MSC surface through a biotin-streptavidin bridge in-
structs cell rolling without altering the cell phenotype and the
differentiation potential. The conjugation of SLeX on the MSC
surface is stable, versatile, and induces a robust rolling re-
sponse on P-selectin coated substrates.***! |t was also report-
ed that the conjugation of stem cells with bispecific antibodies
can be directly injected and retained by injured myocardium
or targeted to injured myocardial tissues for tissue regenera-
tion.**® These methods offer a simple approach to explore
engineered cell homing and potentially target any cell type to
specific tissues via the circulation.

Cell-matrix and cell-cell interactions

The precise arrangement of cells in their substrate is critical in
controlling cell function. The modification of substrates has
been widely explored for an accurate control of cell adhesion.
More recently, many research groups have been focused their
work in the modification of the cell surface in order to control
cell fate and biointerfaces interactions. For instance, the func-
tionalization of cells with short oligonucleotides promotes spe-
cific adhesive properties. Oligonucleotides offer several advan-
tages, including highly specificity and ease of synthesis. Cellu-
lar lipid bilayers can be modified with oligonucleotides incor-
porating hydrophobic molecules at their 3’ or 5 ends.**=%
Iwata and co-workers, prepared amphiphilic PEG-lipid polymers
that were attached to specific oligonucleotide sequences.®® By
incorporating complementary DNA sequences attached to am-
phiphilic PEG-lipids into the membranes of two cell popula-
tions, cell-cell or cell-substrate interactions were subsequently
mediated via hybridization between the two complementary
DNA sequences A similar approach was recently described by
Gartner and co-workers for programming the adhesive proper-
ties of cells independent of proteins, glycans, or their endoge-
nous adhesion machinery.** They develop a strategy to chemi-
cally control cell adhesion using membrane anchored single-
stranded DNA oligonucleotides (Figure 6). Bertozzi and co-
workers reported on non-covalent cell surface engineering as
a strategy to display synthetic glycolpolymers that mimic cell
surface mucins, a class of glycoproteins with roles in modulat-
ing cell—cell interactions.""! The same group demonstrated that
the kinetics of the assembly process is controlled by adjusting
the DNA sequence complexity, density, and cell density. Thus,
cell assembly can be tuned, enabling the design of 3-dimen-
sional microtissues with defined cell composition and stoichi-
ometry.” In_an alternate approach Francis and co-workers
demonstrated that cell adhesion events can be programmed
through the attachment of synthetic ssDNA strands to the sur-
faces of living cells.?**® DNA strands are used to anchor cells
to specified locations on surfaces in a sequence-dependent
fashion. Yousaf and co-workers developed a strategy to induce
specific and stable cell-cell contacts through chemoselective
cell-surface engineering based on liposome fusion that suc-
cessfully displayed bioorthogonal functional groups on cell
membrane.””*® Such strategy allows for modulation of cell ad-
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4,5(n=78) 67(n=78 ¢

Figure 6. A) Cell-surface glycans are targeted for chemical remodeling fol-
lowing a 3 day incubation in azido sugar 1 and subsequent covalent modifi-
cation with difluorocyclooctyne (DIFO, 2)-conjugated DNA. Protein lysine
side chains are conjugated to N-hydroxysuccinimide ester-modified DNA 3.
Fatty acid amides 6, 7 and dialkylphosphoglyceride-modified oligonucleo-
tides 4, 5 (bold) target the lipid bilayer non-covalently. B) Incorporation of
oliognucleotides to cell surfaces. Scheme for labeling and selectively quanti-
fying cell-surface oligonucleotides by flow cytometry. C) Fluorescence acti-
vated cell sorting (FACS)-purified cell cluster imaged by confocal fluores-
cence microscopy. (Reprinted with permission from [54]. Copyright © 2011
American Chemical Society.)

hesion, the generation of stable 3D spheroid and multilayered
tissue-like structures. Since the ligation tether contains photo-
active lipids, remote control of disassembly could be achieved
upon UV light illumination. The use of sophisticated bioplot-
ting systems could be employed in the future to assemble
such aggregates of cells into complex 3D structures with
a high geometrical precision.

Control of cellular activity

Cell surface engineering has been explored to control cellular
functions such as proliferation and differentiation and drug de-
livery. A major limitation of cell therapies is the rapid decline in
viability and function of the transplanted cells. Stimulatory bio-
molecules can be coupled to cells before transplantation to
enhance their viability, proliferation and therapeutic poten-
tial?” Likewise, the conjugation of drug-loaded nanoparticles
to the surfaces of therapeutic cells provides sustained cell stim-
ulation, enhancing the efficacy of cell therapies while minimiz-
ing the systemic side effects.”*? Using such strategy, drug
molecules may be slowly released from cell-bound nanoparti-
cles and primarily recaptured by particle-carrying cells.

The direct deposition approach for cell coating is quite
simple and straightforward method to modulate or control the
response cells to their environment.?>=%¢ pgsitively charged
polymers can spontaneously bind to the outer-surface mem-
brane of microorganism through electrostatic interactions. Suc-
cessful application of LbL technology for encapsulation of cells
will have a major impact on a diverse set of clinical fields in-
cluding tissue engineering, novel therapeutic treatments, and
targeted delivery. For instance, LbL coating of pancreatic islets
was tested to avoid immune rejection after transplanta-
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tion.!
within the LbL protecting shell to control cell function.* For
example, NSCs encapsulated with a IGF-1 loaded LbL coating,
significantly enhanced the proliferation of the encapsulated
cells, demonstrating a drug-carrier function of the LbL single-

Moreover therapeutic molecules can be included

cell nanocoating.”*”

Conclusions

Cells interact with the extracellular environment through the
molecular receptors and ligands present on the membrane. Re-
search results reviewed in this paper clearly demonstrate that
cell-cell and cell-ECM interactions can be remodeled by
means of cell surface engineering. Cell surface engineering
represents a powerful tool to manipulate living cells by deco-
rating the cell membrane with specific molecules of interest
and specialized structures, for example nanoparticles and
patches. This provides an alternative to control the adhesion
properties of living cells without a dependence on the recep-
tors that they possess. The technologies herein described
should also have broad implications on cellular therapies that
utilize systemic administration and require targeting of cells to
specific tissues, tissue engineering or drug delivery. In addition,
these results suggest therapeutic cells are promising vectors
for actively targeted drug delivery. Many issues remain to be
addressed in cell surface engineering. The highly dynamic
nature of the cell surface and the need of mild reaction condi-
tions are still major challenges for living cell surface engineer-
ing. Nevertheless, despite the challenges, cell membrane engi-
neering has emerged as an effective method to manipulate
cell function and cellular nanomodification is a promising strat-
egy for improving current and future cell-based therapeutic
practices.
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