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ABSTRACT OF THE THESIS

Microfluidic Generation of Viscoelastic Artificial

Antigen Presenting Cells for T cell Activation

by

Yu Zhu

Master of Science in Bioengineering
University of California, Los Angeles, 2022

Professor Song Li, Chair

Artificial antigen presenting cells (aAPCs) are engineered platforms for T-cell activation.
It has been widely used for the ex vivo generation of tumor-reactive lymphocytes to ample
numbers for effective Adopted Cell Transfer (ACT) therapies including Chimeric Antigen
Receptor (CAR) T cell therapy.

Viscoelastic materials with stress relaxation are closer to living tissues than pure elastic
materials, which can be used to tune cell spreading, proliferation, or differentiation. By
controlling molecular weight in combination with crosslinker concentration, we can adjust
the stress relaxation properties of materials and therefore modulate cell behavior that is
cocultured with viscoelastic biomaterials. It has also been found that T cells could sense the
mechanical properties of the substrate and show different morphology when cultured on the

substrate with different stiffness.



Based on the modulation of cell behavior by viscoelastic materials as well as the
mechanosensing properties of T cells, a hypothesis could be made that viscoelastic materials
may help improve T cell expansion and generate more proliferative T cell subgroups. There
are already publications about the cell response to the matrix with different viscoelasticity
using alginate hydrogel modified with adhesion molecules. However, no study has been
conducted to investigate the T cell response to the viscoelastic properties of aAPCs. This is
due to several technical issues including the fabrication of homogeneous, cell-sized alginate
microgel, as well as the conjugation of T cell- specific antibodies to the microgel.

In this study, we overcame some of the technical issues and successfully fabricated
viscoelastic aAPCs using ionically-crosslinked alginate, which can be applied to in vitro T
cell activation and expansion. The alginate microbeads are generated using a microfluidic
platform and then conjugated with T-cell-specific antibodies by click chemistry. These
viscoelastic aAPCs show homogenous size distribution, low cytotoxicity and can be easily
dissolved and removed after coculture. The T cell activation rate of these aAPCs is close to
widely-used commercial aAPCs like Dynabeads. Therefore, this kind of viscoelastic aAPCs
can serve as the platform to study how viscoelastic properties could affect T cell stimulation,

and possess the potential to improve the quality of in vitro expanded T cells.
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Chapter 1 Introduction to artificial antigen presenting cells (aAPCs)

1.1 Manufacture and expansion of CAR T cells

CAR T therapy is a newly emerged kind of cancer therapy in recent years. Briefly, in
CAR T immunotherapy, T cells are modified with a special kind of reporter protein called
chimeric antigen receptor that can target antigens antigen. * Genetically modified T cells are

then infused back into patients to target attack and kill the cancer cells.

modification

== | Hj ~hours
J 2 A ”
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Figure 1-1 Schematic illustration of the production of therapeutic CAR T cells.
The process includes: 1) cell isolation, 2) T-cell activation, 3) genetic modification (if necessary), 4) T-cell
expansion, and 5) cell product formulation. 2

CAR T cells can be both CD4 and CD8 T cells, and infusion of both CAR T cells can
provide synergic antitumor efficacy.? Some studies suggest that in solid tumor models,
CD4* CAR T cells are indeed superior over CD8" T cells since they are less sensitive toward
exhaustion. But currently, CAR-T cells may not be able to penetrate tumor tissue through the
vascular endothelium. The clinically approved CAR-T therapies were only applied to
hematological tumors, as CAR-T cells could return to the bloodstream and lymphatic system

and have more contact with blood tumor cells.® Therefore, most research on CAR T cell
1



fabrication focus on the activity of CD8 T cells. It is generally believed that the efficacy of
adoptive cell therapy is mostly attributed to CD8 T cells*, and infusion of CD8 CAR T cells
alone was sufficient for treating B cell melanoma. T cells that are used to produce therapeutic

CAR T cells can be autologous, allogeneic T cells, or tumor-infiltrating lymphocytes (TILs). °

1.2 Clinical CAR T production technologies

Early outcomes of many clinical phase I and Il studies come from Kymriah of Novartis
and Yescarta of KITE Pharma. And these two were also the earliest CAR T cell products
approved by FDA.

Basically, peripheral blood from the patient is washed to remove anti-coagulants added
during leukapheresis. Soluble monoclonal antibodies, coated magnetic beads, or
artificial antigen presenting cells are then frequently used for activation. The CAR transgene
is then delivered into the cell by lentiviral, retroviral, or non-viral methods such as
transposon/transposase systems. The cells are then expanded in static or dynamic culture
vessels or devices until they reach the required cell numbers. Finally, the media composition
is adjusted according to the formulation and then the product is transferred to a suitable

container for delivery or freezing.


https://www.sciencedirect.com/topics/immunology-and-microbiology/antigen-presenting-cells
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Figure 1-2 Flow chart of Clinical CAR T cell fabrication. 293T cells are transfected to produce
gammaretroviral particles in culture media. The viral vector-containing supernatant is filtered and

used to infect T cells previously activated by OKT3/CD28 monoclonal antibodies (mAbs). Upon viral entry
into T cells, the CAR transgene is integrated into the cell genome to ensure stable long-term expression. °

However, research and development have still not established a mature, well-understood
process for CAR T production. A number of CAR T products are manufactured using manual
processing, which is labor intensive and difficult to scale, together with the prone to high
failure rates.” This is mainly due to the requirement of personalized CAR T production as
well as the lack of small-scale production technologies tailored for cell therapy. Production
processes consistently comprise the same common steps shown in figure 1.18. Therefore, a
standard procedure for CAR T cell production is necessary for increasing the therapeutic

effect of ACT therapies.



1.3 Invitro T cell expansion by artificial antigen presenting cells (aAPCs)

CAR T manufacture usually takes 10 days to 3 weeks to get enough cells for one
treatment. Clinical adoptive T-cell therapy studies have shown that many CAR T cells are
preferable, usually with up to 10 T-cells infused into the patient. Therefore, the in vitro
expansion and activation of T cells become a research focus to improve the quality of
reinfused genetically-modified cells.®

Naturally, the endogenous T-cell activation is mediated by antigen presenting
cells(APCs) such as dendritic cells (DCs) or macrophages. These cells process and present
antigens on MHC molecules for recognition by certain lymphocytes like T cells. But
coculturing T cells with DCs is a cumbersome process, due to the inherent variability of DCs
and the logistics of maintaining separate culture systems.’® Therefore, simplified activation
strategies have been developed to avoid the usage of natural APCs for in vitro T cell
activation.  Some early studies used OKT3, IL-2, and irradiated peripheral blood
mononuclear cell feeders for T cell activation. ! But excessive cytokines and antigens can
lead to an exhausted T cell product, displaying poor effector function and quickly
approaching apoptosis.'? Therefore, people have spurred interest in the usage of artificial
antigen presenting cells (aAPCs) to provide greater control over T cell signaling and generate

optimally effective CAR T cells for adoptive cell transfer therapy.*®

1.4 Development of aAPCs

The basic concept of aAPCs started from the initial observation that T cells could be

4



stimulated by the interaction between anti-CD3 antibody and TCR, as well as the
costimulatory signal of aCD28 and CD28, without the involvement of antigen-presented
MHC molecule. * This can be achieved by either using engineered cells or biomaterials-

based beads to fabricate the desired aAPCs.

A CD3/CD28 beads| B  K562-APC C HLA-Ig APC D Nano APC
1995 2002 1995 2004

HLA-82  Cpes Anti-CD28 HLA-A2 dimer

Anti-CD28

Anti-CD?} Anti-CD28

HLA-A2 dimer

Figure 1-3 Avrtificial APC that has been developed for ACT.' A) Early stage anti-CD3/CD28 aAPCs
B) K562-cell based aAPCs developed from a human myelogenous leukemia cell line C) HLA-Ig aAPCs that
replace anti-CD3 HLA-antigen complex D) Nanoparticle-based aAPCs.

1.4.1 Cell-based aAPCs

The aAPCs system can be roughly classified as cell-based aAPCs and synthetic aAPCs.
Cell-based aAPCs are derived from primary or transformed human or xenogeneic cells,
which can be engineered using lentiviral transduction to express necessary TCR,
costimulatory, or signals required for immune synapse formation.** And potential deleterious
or negative regulatory signals can be deleted by genetic editing. The advantage of cell-based
aAPCs is that once generated, the cell lines can be banked and kept as a long-term readily

accessible source of reagent to use for T cell generation or expansion, without the need to



prepare autologous APC or feeder cells.*® Originally, autologous aAPCs such as dendritic
cells, monocytes, or activated B cells have been used to generate tumor-specific T cells.
However, the requirement for cancer patients’ blood to prepare autologous APC from each
patient is time-consuming.

One of the most widely studied cell-based aAPCs is the K562 cell-based aAPCs. This is
a kind of human erythroleukemia cell that does not express endogenous HLA molecules.
They are not able to induce allogeneic T cell proliferation by themselves but do express
ICAM-1 and LFA-3 that is required for forming immune synapse during in vivo T cell
activation.!” Therefore, by transducing the K562 cells with the anti-CD3 and anti-CD28
monoclonal antibodies, they become the qualified APCs that can induce the non-specific
proliferation of T cells. K562 cells also secrete IL-15, which can help maintain the viability
of CD8" T cells in long-term culture. One clinical grade K562 cell-based aAPC-A2 line
called clone 33 was used to expand MART-1 specific T cells against advanced melanoma.*®
These K562-based aAPCs were transfected with four non-retroviral plasmids that encode for
HLA- A2, CD80, CD83, and a puromycin resistance gene. Compared to the natural DC cells,
aAPCs-A2 clone 33 could expand MART-1-specific T cells from both healthy donors and
patients with metastatic melanoma (19-49% tetramer positive) in a similar way. °

However, K562 cells also express many negative regulatory molecules like PD-L1, or
B7-H3, which makes the K562 based aAPCs a complicated activation system. 2° Another
reason that the K562 aAPCs platform has not been widely used for cancer therapy, is the fact
that these cells are derived from a malignant clone. Although K562 cell-based aAPCs are

irradiated before co-culturing with T cells so that none of them are detected after T cell

6



expansions, there are appropriate probabilities in infusing T cell products with a malignant

cell line into cancer patients. °

1.4.2 Lipid-based APCs

Synthetic aAPCs are generally microscale biomaterials anchored with anti-CD3 and
anti-CD28 that can induce T cell proliferation independent of antigen stimulation. By
immobilizing anti-CD3 and anti-CD28 on a plate to simultaneously deliver signal 1 and a
costimulatory signal 2, T cell proliferation can be increased without provoking early cell
death.?! The expanded cells also demonstrate an enhanced ability to release cytokines and
lyse target cells in an MHC unrestricted manner.?2

Although robust proliferation could be achieved using a culture plate coated with aCD3
and aCD28, the interaction between T cell and culture dish can not mimic the natural immune
synapse(lS), which makes it inferior to the aAPCs system. '® Besides the antibody-coated
plates, acellular APC systems also include bead-based aAPCs and ligand incorporated lipid
vesicles.?

The importance of mobility of molecules that participate in an immune synapse between
a natural APC and a T cell has been recognized as a critical component in efficient TCR
signaling, and antigen presentation by exosomes, liposomes, and other lipid preparations
might represent a means to recapitulate this in an artificial setting. Lipid vesicles have not yet
been widely explored as aAPCs for in vitro T cell expansion. But since the formation of
immune synapse requires the actin reorganization and recruitment of several other molecules

to the TCR, the engineered lipid vesicles may have the potential to improve immune synapse



formation due to the mobility of the lipid surface and hence the flexibility for surface
molecule movement.?*

Exosomes are vesicles secreted from cellular endosomes that present antigens with HLA
class I and 1l molecules, as well as provide costimulatory and adhesion signals for T cell
activation. Exosomes derived from dendritic cells could be used as an artificial acellular
vaccine for murine mastocytoma and mammary carcinoma, and induced anti-tumor immune
responses in vivo, despite relatively weak T cell stimulation in vitro.?® Tumor-derived
exosomes also appear to induce more efficient T cell stimulation in vivo than in vitro,
suggesting that cross-priming by endogenous professional APCs might be required for
optimal T cell stimulation. 2® However, the requirement for cross-priming to induce CD8+ T
cell proliferation by tumor-derived exosomes also indicates that this approach may not be the

optimal aAPCs preparation for in vitro expansion of T cells.*’

Cellular Molded Silica Biotinylated-Lipid Bilayer
Red Blood Cell Fluid (DOPC)
Hela Gel (DSPC)
Microsphere
Streptavidin
Biotinylated Antibodies Antibody Coated aAPC

Figure 1-4 Schematic of the synthesis of silica microparticles with supported lipid bilayers.?’

Besides using only lipid particles as aAPCs, microparticles with supported lipid
bilayers seem to be a more reasonable choice to fabricate aAPCs. Olden et al. fabricated

aAPCs using supported lipid bilayers on various cell-sized silica microparticles with defined



membrane fluidity and stimulating antibody density.?” These aAPCs are able to stimulate T
cell growth, and preferentially promote CD8" T cell growth over CD4" T cell growth
compared to some commercially available antibody-conjugated particles. T cells activated
using the lipid aAPCs show less-differentiated and less-exhausted phenotypes when

cocultured with Hela cells

1.4.3  Synthetic aAPCs

Polystyrene beads-based aAPCs are one of the most popular aAPCs systems in recent
years. Commercial products like Dynabeads magnetic beads have been widely used for T
cell study.

Polystyrene beads can be manufactured under stable conditions that resulted in
uniformity of size. Currently, the beads between 5-6 um in diameter were found to be the
optimal size for stimulation of T cells compared to those of smaller dimensions. Beads coated
with anti-CD3 could deliver antigen-independent signals to polyclonal T cells in a format that
is more closely approximate to an immune synapse than solid phase planar systems. Also,
costimulatory or inhibitory signals can be provided by covalently binding agonistic or
antagonistic ligands and/or antibodies to the beads(figurel2). This approach has successfully
been exploited in multiple studies to investigate the signals involved in the T cell response to

TCR ligation and to expand T cells for in vitro and in vivo use in patients®®



Exogeneously
A 4-Cn3 B loaded peptide © ©
anti-

anti-CD28 »4 anti-CD28

Figure 1-5 Polystyrene aAPCs conjugated with anti-CD 28 costimulatory molecule and A) Anti-CD3,
B) Antigen-MHC complex.:

Beads-based aAPCs have been endowed with antigen specificity by coating the bead
with MHC-peptide single chain construct dimers or tetramers. An improvement that bypassed
the need to coat the beads with MHC-peptide complex is to bind dimeric HLA-A2-
immunoglobulin fusion molecules to the beads, which can then be loaded exogenously with
peptide antigen. This strategy was combined with bound aCD28 to provide co-stimulation
and effectively expanded antigen-specific T cells ex vivo.?®

Some clinical studies have used anti-CD3/anti-CD28 paramagnetic bead-based aAPCs
to expand autologous T cells, which were then infused into patients with non-Hodgkin's
lymphoma or Chronic Myeloid Leukemia (CML) after autologous CD34" selected
hematopoietic stem cell transplantation (HSCT)® 3., Due to the magnetic particles
incorporated in the beads, the beads can be efficiently removed by magnetic depletion before
infusion. Robust in vitro T cell expansion was also achieved. CD3+ T cells from an
allogeneic stem cell transplant donor have also been expanded with anti-CD3/anti-CD28

beads and infused in doses of 1 x10° — 1 <108 CD3+ cells/kg to post-transplant patients that
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had relapsed with hematologic malignancies after allogeneic transplant®2. The CD4:CD8 T
cell ratio remained constant during the expansion and a mean of 113+26.3 fold expansion

was achieved during a 12-day culture.

Figure 1-6 Image of T cell activation by Gibco magnetic polystyrene aAPCs.

When using polystyrene beads to activate T cells, cytokines have to be added to the
culture, leading to high overall IL-2 dosage and fluctuation in IL-2 concentration. This could
also increase the side effects due to co-injection of IL-2 during reinfusion of T cells into
patients. 3 Implementation of mechanisms that allow continuous cytokine release by aAPCs
may therefore further improve their potential to activate and differentiate T cells. In particular,
cytokine release may be essential for the development of functional CD8+ T cells that can
generate potent immune responses. Therefore, biodegradable poly(lactic-co-glycolic acid)
(PLGA) microparticles can also serve as a good alternative to the current design of aAPCs.
The PLGA particles are stable during the initial T cell activation and may degrade later and
constantly release I1L-2, which may be one important characteristic for future studies.

Limitations of beads-based aAPCs include that spherical beads are incapable of
mimicking the dynamic remodeling of the cell membrane that is established at the immune

synapse between professional APC and T cells. The expansion and viability of T cells can
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also be a problem with beads-based culture systems. Early studies found that CD8+T cells
expanded with aCD3/aCD28 beads less well than their CD4" counterparts, and the viability
of CD8" T cells was poor after long periods of in vitro culture Also, the incorporation of
additional signaling molecules on the beads requires purification of recombinant protein and
linking the protein to the bead, which is often more difficult than transfecting cell-based

aAPCs. %
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Chapter 2 Application of alginate hydrogel in biological study

2.1 Chemical structure of alginate

Alginate is a negatively charged biopolymer that is originally isolated from brown
seaweeds and has been extensively investigated and used for many biomedical applications,
due to its biocompatibility, low cytotoxicity, and relatively low cost. 34Alginate gels can also
be loaded with drug molecules, from small chemical drugs to macromolecular proteins, and
released in a controlled manner, depending on the cross-linker types and cross-linking

methods.

The structural similarity to extracellular matrices of living tissues makes alginate a good

carrier for bioactive agents such as small chemical drugs and proteins.

Alginate hydrogels can be prepared by various cross-linking methods, and their structural
similarity to extracellular matrices (ECM) of living tissues allows wide applications in wound
healing, delivery of bioactive agents such as small chemical drugs and proteins, and cell
transplantation. Alginate is now known to be a kind of linear copolymer containing blocks of
(1,4)-linked B-d-mannuronate (M) and a-l-guluronate (G) residues. The blocks are composed
of consecutive G residues, consecutive M residues, or alternating M and G residues.
Alginates extracted from different sources differ in M and G contents as well as the length of
each block, and more than 200 types of different alginates are currently being manufactured.
% However, only the G-blocks of alginate are able to participate in intermolecular cross-
linking with divalent cations (Ca?*, Cu" to form hydrogels, due to that G-blocks are bent or

distorted while M-blocks extended ribbon-like form.3®
13
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Figure 2-1 Chemical structure of alginate polymer chain. There are G-block, M-block, or alternating G and M-
blocks in alginate. 7

The composition (i.e., M/G ratio), G-block length, and molecular weight are therefore
critical factors for the physical properties of alginate and thus the hydrogels.®® The
mechanical properties of alginate gels can be adjusted by increasing the length of the G-block
and molecular weight. Besides the composition of the polymer chain, pH may also affect the
mechanical property of alginate. The viscosity of alginate solutions may increase as pH
decreases, and reach a maximum at around pH 3-3.5. This is because carboxylate groups in

the alginate backbone become protonated and form hydrogen bonds.3®
2.2 Gelation of alginate

Alginate is typically used in the form of hydrogel in biomedical applications, including
wound healing, drug delivery, and tissue engineering. Hydrogels are three-dimensional cross-
linked networks that hold a large amount of water while maintaining the structure due to

chemical or physical cross-linking of polymer chains. They are often biocompatible, as they
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are structurally similar to the macromolecular-based components in the body, and can often
be delivered into the body via minimally invasive administration.®® Chemical and/or physical
cross-linking of hydrophilic polymers are typical approaches to forming hydrogels, and their
physicochemical properties are highly dependent on the cross-linking type and cross-linking

density, in addition to the molecular weight and chemical composition of the polymers.*
2.2.1  lonically crosslinked hydrogel

The most common method to prepare hydrogels from an alginate solution is adding ionic
cross-linking agents, such as divalent cations (i.e., Ca?"). The divalent cations are believed to
bind solely to G blocks of the alginate chains, as the flexibility of the G blocks allows a high
degree of coordination between the divalent ions and carboxylic groups. The G blocks of one
polymer then form junctions with the G blocks of adjacent polymer chains in what is termed

the egg-box model of cross-linking, resulting in a gel structure.*

500 o] N og Ca 2+
—, ol +OH
oH I gc’lw_ﬂq; S o )
HO cod \oH ™~
H voc

G G M M G

Alginate

Figure 2-2 Mechanism of alginate ionic gelation.*?

Calcium chloride (CaCly) is one of the most frequently used agents to ionically cross-link
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alginate. However, the chelation process is too fast that it leads to poorly controlled gelation,
especially at high concentrations. One approach to slow and control gelation is to utilize a
buffer containing phosphate (e.g. PBS buffer), as phosphate groups in the buffer compete
with carboxylate groups of alginate in the reaction with calcium ions, and retard the reaction.
Calcium sulfate (CaSOa4) and calcium carbonate (CaCOs3), due to their lower solubilities, can
also slow down the gelation rate and widen the working time for alginate gels. As the low
amount of dissolved Ca?* is used for gelation, the undissolved CaSO4 will dissociate and
release more Ca?" that subsequently initiates the gelation of the alginate solution in a more
gradual manner .** Ethylenediaminetetraacetic Acid (EDTA) chelated with Calcium ion (Ca-
EDTA) is also served as a good alternative. Through external stimulation by an acidic

environment, Ca2* can be released from the complex and cause the gelation of alginate.

2.2.2  Covalently crosslinked alginate

Covalent cross-linking of alginate with poly(ethylene glycol)-diamines of various
molecular weights were first investigated in order to prepare gels with adjustable stiffness, as
the elastic modulus can be adjusted by changing the cross-linking density or weight fraction
of poly(ethylene glycol) (PEG) in the gel.

Compared to ionically crosslinked hydrogel, covalent alginate hydrogel does not have
plastic deformation. Covalent cross-linking of alginate with poly(ethylene glycol)-diamines
of various molecular weights were first investigated to prepare hydrogels with a wide range

of mechanical properties. The elastic modulus of alginate could be adjusted by changing the
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cross-linking density or weight fraction of poly(ethylene glycol) (PEG) in the gel. “Later
some multi-functional molecules with hydrazides(e.g., poly(acrylamide-co-hydrazide)(PAH)
and adipic acid dihydrazide(AAD)) are being developed as a crosslinker for alginate through

the formation of hydrazone bonds between aldehydes and hydrazides. 4°

Adipic Acid Dihydrazide Chemically cross-linked network
(AAD)

Alginate

Figure 2-3 Mechanism of alginate covalent crosslinking by AAD, a diamine crosslinker. %

2.2.3  Photo crosslinking of alginate

Photo cross-linking is an interesting method that uses a photosensitive crosslinker to
achieve in vivo gelation. Photo cross-linking can be carried out in mild reaction conditions,
even in direct contact with drugs and cells, with the appropriate chemical initiators. Alginate,
modified with 2-aminoethyl methacrylate and crosslinked by exposure to a laser at a specific
wavelength in the presence of 0.05% photoinitiator, can form clear and flexible hydrogels.
This rapid and controllable polymerization by an optical trigger allows for controlled in
situ photopolymerizations in a minimally invasive manner. 4’ But the potential cytotoxicity of
the photoinitiator could be harmful to the body. Another method could be using PEG—
anthracene grafted alginate. Anthracene dimerizes with other anthracene molecules upon
exposure to 365 nm light and de-dimerizes with 254/248-nm light treatment in a reversible

reaction, without releasing any harmful byproducts.
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Figure 2-4 Alginate—anthracene with photo-reversible dimerization property.47

2.3 Viscoelastic alginate hydrogel for biological study

Alginate hydrogels have been used for many of the seminal studies on the impact of
substrate viscoelasticity. One unique property of alginate is that the viscoelasticity of alginate
hydrogel can be adjusted independently from other mechanical properties. Divalent cations
like Ca®* can bridge two G blocks to form an ionic crosslink between different alginate chains
and lead to the gelation of a three-dimensional polymer network.*® These weak ionic
crosslinks can break under stress and then reform, allowing local matrix flow to dissipate
stress and resulting in macroscopic stress relaxation of the hydrogel under an applied load.*
The length of the G blocks is expected to control the length of the ionic crosslink zone, with
the number of calcium ions packed between G-blocks controlling the strength of the bond,
based on the ‘“egg-box” model that described how cations are packed and be coordinated
between the Polysaccharides.>® Once the G-blocks are lined up with some minimum level of

crosslinking, additional crosslinks fill in these crosslink junctions and cause no change to the
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pore structure. As a result, the pore size of ionically crosslinked alginate hydrogels is not

altered by increased crosslinking, as has been established by diffusion studies.®!
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Figure 2-5 lonically crosslinked hydrogels with similar stiffness but different relaxation time.

A) Stress relaxation profiles for hydrogels with varying alginate molecular weight. B) The characteristic
timescale of stress relaxation for the different alginate hydrogels. For y axis, 7112 is the relaxation time defined by
the timescale at which the stress is relaxed to half its original value. C) Initial elastic modulus (stiffness) for the
different alginate hydrogels. D) Loss tangent (ratio of loss modulus to storage modulus) for the different alginate
hydrogels. %

Viscoelasticity in alginate hydrogels can be tuned by varying the molecular weight of
the alginate polymer, changing the type of crosslinker (ionic vs covalent), or by grafting short
poly(ethylene-glycol) (PEG) chains to the alginate polymer. The simplest method would be
using different molecular weight polymers in combination with different crosslinking
densities of calcium. The stress relaxation properties of the resulting hydrogels could be
modulated owing to the altered connectivity and chain mobility in the network. * In other
words, the relaxation time can be extended by lowering the average molecular weight (MW)

of alginate, while the loss of stiffness caused by lower MW can be compensated by adding an
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extra amount of crosslinker. Therefore, different alginate hydrogels with similar stiffness but
different relaxation time can be fabricated to study the effect of viscoelasticity on cell
behavior. Then covalently crosslinked alginate with similar stiffness can be made to study
the cell behavior on viscoelastic material versus pure elastic surface. Generally, alginate is
mixed with EDC, which creates crosslinks between carboxyl groups and primary amines.
Because alginate does not contain amine groups, a diamine such as adipic acid dihydrazide

(AAD) is added to link carboxyl groups on different alginate chains.
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Figure 2-6 Mechanical properties of ionically versus covalently crosslinked alginate hydrogels.  A) Stress
relaxation profiles for covalently versus ionically crosslinked alginate hydrogels. B) Storage modulus (G") and
loss modulus (G”) as a function of frequency for ionically versus covalently crosslinked alginate hydrogels. C)
Initial elastic modulus (stiffness) for covalently versus ionically crosslinked alginate hydrogels. The
concentration of crosslinker is adjusted to generate hydrogel with similar stiffness for low, medium, and high
stiffness groups relatively.

Another method to adjust viscoelasticity would be using commercially available PEG-
amines of varying molecular weights, which can be covalently coupled to the alginate
polymer backbone at varying concentrations with simple carbodiimide chemistry. This is
because the covalent coupling of short PEG spacers to the alginate would provide a steric
hindrance to crosslinking of alginate chains and therefore enhance stress relaxation in the gel.

The stress relaxation of alginate-PEG hydrogels is determined by the total mass amount of
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added PEG rather than the molecular weight or concentration of PEG alone, with more PEG
leading to faster stress relaxation, enhanced creep, and a higher loss modulus.®* This
approach enables precise tuning of stress relaxation over a wide range while using the same
molecular weight of commercially available alginate. A key advantage of this approach is that
the addition of PEG to the alginate leads to hydrogels with faster stress relaxation and a
higher loss modulus, extending the range of accessible stress relaxation times relative to
alginate-only hydrogels.>® One limitation is that varying the PEG amount will likely affect the
pore size of the alginate hydrogel. In addition, it is possible that adding large amounts of PEG
could limit the availability of sites to conjugate RGD or other adhesion ligands and that RGD

ligands close to PEG chains could be less accessible to cells for adhesion.

Faster stress relaxation

High-MW alginate Low-MW alginate Low-MW alg.-PEG

= Alginate @ |onic crosslink Decreased connectivity === PEG spacer

Figure 2-7 Schematic depicting how lowering the molecular weight (MW) of alginate polymers (blue)
crosslinked by calcium (red) decreases entanglement and connectivity (orange arrows) of the network, and
coupling of small spacers provides a steric spacing of crosslinking zones in the alginate.>
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Chapter 3 Microfluidic fabrication of microparticles for biomedical applications

3.1 Fabrication of microparticles by microfluidic devices

Droplet-based  microfluidics can ~ manipulate  discrete  volumes of  fluids
in immiscible phases while maintaining low Reynolds number and laminar flow regimes in
the system.>® Droplet microfluidics can offer accurate control over the flows of multiple
fluids on the microscale, enabling the fabrication of different microparticles with precisely
tunable structures and compositions in a high throughput manner. The combination of these
outstanding features of droplet-based microfluidics, together with proper materials and
fabrication methods, can achieve highly effective production of microparticles whose features
and functionalities can be well controlled. These microparticles have great potential in a wide
range of biomedical applications including drug delivery, cell-laden matrices, biosensors, and
serving as artificial cells. %

These applications of microparticles depend on their properties, which are affected by
their size, structure, composition, and configuration. Therefore, it is essential to fabricate
microparticles in a controlled manner to improve their pharmaceutical capability and
reliability for biological studies.®® °° However, it is pretty challenging to produce
microparticles with expected properties through conventional methods including emulsion
polymerization, dispersion polymerization, and spray drying. ® These methods usually result
in microparticles with large polydispersity, poor reproducibility, and uneven morphology,
even within one experiment. To overcome these limitations, various technologies, including

droplet microfluidics, photolithography, flow lithography microfluidics, soft lithography-
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based imprinting, and micro-molding have been explored for generating microparticles more
controllable with more stable properties.®* Among these, droplet microfluidics is one of the
most effective techniques for microparticle fabrication. It offers accurate control over
multiple fluids at the microscale within one device, which allows precise tuning of the
compositions and geometrical characteristics of microparticles.®? Exploiting these advantages,
engineered microparticles with controlled sizes, monodispersity, diverse morphologies, and
specific functions can be generated, and are playing an increasingly important role in
biomedical fields.®® For instance, as drug delivery vehicles, microcapsules or microparticles
with core-shell structure can be prepared with well-defined structures and compositions that
allow for high drug encapsulation efficiency and well-controlled release of the
encapsulants.>® % As cell carriers, hydrogel microparticles can be produced to act as
extracellular matrix (ECM) to provide a better environment for cell growth and maintain
efficient nutrient and metabolic exchanges for long term cell culture.®® In addition, liposomes
or polymersomes with multicompartment structures can be generated by droplet microfluidics.
Their mechanical properties can be adjusted to the same level as natural cells, making them

ideal candidates for artificial cells. %

3.2 Introduction to droplet-based microfluidics

3.2.1  Mechanism of droplet generation

The droplets generated in droplet-based microfluidics can serve as microreactors to

carry out physical, chemical, or biological reactions. Due to the small channel size(nL to uL
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volume), they require only a small quantity of reactants each time. The principle of droplet-
based microfluidics is similar to that of conventional emulsification, which consists of mixing
two immiscible liquids. But the emulsion in a microfluidic device can be produced by
precisely fabricating one drop at a time. This process is an outcome of a well-controlled
balance between various forces acting on the fluid flow.®” There are various modes of droplet
breakup at the outlet including squeezing, dripping, jetting, tip-streaming, and tip-multi-
breaking. Among them, the dripping mode is most widely utilized due to the high
monodispersity of the droplets generated.” The droplet breakup modes can be applied to

various channel geometries including cross-flow, co-flow, and flow-focusing.

T-junction Co-flow Flow-focusing

Figure 3-1 Schematic illustration of microparticle generation in the flow-focusing microfluidic device.

The T-junction (cross-flow) geometry is widely used in the production of single
emulsions due to the simplicity of device fabrication, which requires no additional alignment.
The droplets generated have high monodispersity, and the size of the droplets generated in a
T-junction is generally larger than 10 um due to the limitation of the channel dimension. In
the co-flow geometry, the dispersed phase channel is inserted into the continuous phase

channel and forms a coaxial structure. The droplet sizes are larger than the tip diameter, thus,
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are typically larger than 10 um. The flow-focusing mode has a structure that suddenly shrinks
the fluid passageway. Fluid phases form a hydrodynamic flow that contracts through the
focus unit resulting in high fluid flow rate. This enhances the viscous shear force and allows

the formation of droplets with sizes down to a few hundred nanometers.

3.2.2 Capillary & PDMS microfluidic devices

Fabrication of microfluidic devices with well-defined geometry and material
compatibility is important for generating and manipulating droplets. Two main types of
droplet microfluidic devices are used in generating various types of emulsion droplets. One is
glass capillary microfluidics which has the advantage of high chemical resistance and ideal
coaxial flow-focusing which enables the preparation of droplets with a wide range of material
compositions and structures. The other is lithographically fabricated poly(dimethylsiloxane)
(PDMS) devices that have the advantage of preparing a large number of identical devices,
making them attractive for large-scale production of the droplet.’

One advantage of capillary microfluidic devices is that they do not require a complicated
fabrication process and are simple and highly robust. Also, they only involve simply
assembling basic modules including injection tubes, transition tubes, and collection tubes.%®
Typically, a capillary microfluidic device consists of coaxial assemblies of glass capillaries.
For example, a tapered cylindrical glass capillary is carefully inserted into a square glass

capillary to form water-in-oil (W/O) or oil-in-water (O/W) single emulsion droplets.
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Figure 3-2 Schematic illustration of the capillary microfluidic devices for preparation of droplets.®

Prior to insertion, the injection cylindrical capillary surface is rendered to have a higher
affinity to the continuous phase than to the dispersed phase; this prevents the adhesion or
wetting of droplets on the capillary surface. The surface is rendered hydrophobic for W/O
single emulsion, whereas it is rendered hydrophilic for O/W single emulsion.

While capillary microfluidic devices are easy to assemble and feature high precision
flow control, the manual fabrication process makes it difficult to prepare more than a few
devices at a time and the devices prepared often suffer from a lack of reproducibility. Thus,
PDMS devices can serve as a good alternative, due to the simple and reproducible device
fabrication procedures. Such PDMS devices are prepared using soft lithography which
enables the formation of identical devices through duplicated molding, fabrication of devices
with micron-scale resolution, and greater flexibility in the channel design compared to
capillary devices. Moreover, PDMS is optically transparent, biologically inert, permeable to
gases, and low in cost of fabrication, which makes it a more cost-effective option when a

large quantity of microfluidic devices are needed.”
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Figure 3-3 Schematic illustration of microfluidic generation of microparticles using PDMS device.™

Briefly, to fabricate three-dimensional microfluidic devices, the photomasks are first
prepared. To create a device from the photomask, a silicon wafer is coated with a photoresist
to the desired height of the microfluidic channels. The coated wafer is then heated to
evaporate the solvent and cooled to solidify the coating. Then, the photomask is placed on top
of the coated wafer and the two are exposed to ultra-violet (UV) light. The light that passes
through the transparent regions of the photomask is crosslinked while the uncrosslinked parts
are removed by using a solvent. To mold a microfluidic device from this “master,” another
polymer, PDMS is poured to form a clear, rubbery layer. Then, the imprinted side is bonded
to either another block of PDMS or a glass substrate for sealing with an oxygen plasma
treatment. Due to the high accuracy of photolithography technologies, the channel of PDMS
microfluidic device could be several micrometers in diameter, which allows precise control of
the flow.

While the PDMS device can be easily fabricated in mass production, the hydrophobic
nature may limit the formation of emulsion droplets. For example, to form O/W single
emulsions, the microchannel surface needs to be modified to be hydrophilic to ensure an

effective wetting of the channel surface by the continuous aqueous phase.
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Figure 3-4 Flow chart of the PDMS microfluidic device fabrication A) Spin coat photoresist. B) Soft bake. C)
Exposing photoresist through photomask. D) Postexposure bake. E) Development to obtain master mold. F)
Pour PDMS over the master mold and cure. G) Peel off the cured PDMS slab. H) Punch tubing inlets in the
PDMS replica. 1) Seal the PDMS replica to a glass slide. 7

3.3 Fabrication of alginate microparticles

Many mechanisms are involved in the fabrication of different microparticles, including
polymerization, ionic crosslinking, and solvent evaporation. Since this study focus on the
alginate microparticles, only alginate gelation is introduced in this part.

There are two methods for alginate gelation in the device, internal gelation, and external
gelation. As for internal gelation, the cross-linkers are inside the alginate droplet. While in
external gelation, the cross-linkers are mixed after the alginate particles form. Due to the slow

gelation of covalent alginate, only ionic crosslinked alginate is used for the microparticles.

3.3.1 Internal gelation

Crosslinkers come from inside the alginate droplets and can be either soluble or
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insoluble/slightly soluble in water. Water-soluble cross-linkers are usually divalent metal ions
like barium chloride (BaClz) and calcium chloride (CaCl,), and alginate is crosslinked
directly at the interior of droplets. These agents can be mixed with Na-alginate before or after
droplet generation.

As Zhang et al. did, using a 5-channel microfluidic device, sodium alginate fluid was
mixed with mineral oil fluids with a surfactant (Span 80). Droplets were generated by co-flow.
However, instead of producing discrete droplets, a line of knots connected with each other,
which also caused the clogging of the channel. This phenomenon persisted even when
different flow rates were used, due to the increased viscosity of mineral oil when alginate and
CaCl, were mixed. " Theis problem can be solved using low viscosity oil and reducing the
rate of gelation. A less concentrated Na-alginate solution, or a higher flow rate ratio between
the continuous fluid and the dispersed fluid, may also help.

To fix these issues, Utech et al. presented another method for the fabrication of
monodisperse alginate microgels with structural homogeneity through externally triggered
crosslinking. They delivered calcium ions in the form of water-soluble calcium-
ethylenediaminetetraacetic acid (calcium—EDTA) complex. By chelating the calcium ions
with EDTA, the ions remain in solution but are inaccessible to the alginate chains and
therefore unable to induce gelation upon mixture. By the addition of acetic acid to the
continuous phase, the dissociation of the complex and release of calcium ions is triggered
after drop formation. The free ions react with the alginate chains in a highly controlled

fashion forming alginate microgels with excellent structural homogeneity.
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Figure 3-5 Microfluidic generation of monodispersed alginate microparticles by controlled release of calcium
ions from the water-soluble calcium—EDTA complex. A) mechanism for gelation B, C) Schematic illustration of
B) Microscopic image and C) The flow-focusing device used for the fabrication of alginate microbeads D)
Schematic illustration of the crosslinking process. As the calcium—EDTA complex dissolves, calcium ions are
released and crosslink the alginate. 7

3.3.2  External gelation

In external gelation, cross-linkers are mixed with the particle after the alginate droplets
form and are diffused into the alginate droplets or the microparticles formed. Unlike internal
gelation, in which cross-linkers are always introduced directly in the microfluidic device, in
external gelation, cross-linkers can be introduced both inside or outside of the device.

As Zhang et al. did, the cross-linkers were contained in the continuous fluid. Ca
(CH3COO), was dissolved in soybean oil, the continuous fluid. Sodium alginate droplets
were generated by a flow-focusing device in oil/Ca (CH3zCOO)2, with Spa80 as surfactant. Ca

(CH3COO), diffused and dissolved in sodium alginate droplets along the channel and caused
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external gelation on-chip. Finally, Ca-alginate hydrogel microparticles were collected in the
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Figure 3-6 Schematic illustration of external gelation of alginate. Microparticles formed at the outlet were then
mixed with crosslinker for gelation. 7

And similar to internal gelation, clogging can be reduced by slowing down the diffusion of
cross-linkers into alginate droplets. As demonstrated by Liu et al. they used emulsion fluids to
introduce cross-linkers, using a glass microfluidic device with a modified hydrophobic
channel.’®. Droplets of sodium alginate were generated in corn oil at the first flow-focusing
channel. The emulsion of CaCly, containing CaCl, droplets in corn oil, was injected
downstream of the cross-junction. The contact between CaCl; and Na-alginate droplets

caused ionic crosslinking and gelation of particles.
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Chapter 4  Cell response to different substrate properties

4.1 Effect of substrate stiffness on cell behavior

It has been recognized that ECM proteins such as collagens, glycosaminoglycans, and
proteoglycans can provide instructive messages to cells by transmitting the signal across the
cell membrane through the transmembrane receptors that recognize these ECM proteins.
These cell-ECM interactions influence cell behavior either directly or through combination
with growth factors.”” Furthermore, stem cells have been shown to respond to external
mechanical loading.”® Depending on these early studies, people started to realize that stiffness

of the ECM is also a highly potent regulator of cell behavior.

Figure 4-1 Stem cells grown on substrate with different show different morphologies and were prone to different
lineage. "°

Starting in the late 1990s, one study that used polyacrylamide hydrogels of varying
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elastic moduli coated with ECM proteins as cell culture substrates showed that substrate
stiffness affected cell-ECM adhesion, spreading, and migration.®° Since this study, numerous
groups have used polyacrylamide gels, and a variety of other material systems with tunable
elastic moduli, to show that substrate stiffness impacts various other processes, including
proliferation and apoptosis, stem cell differentiation, breast cancer progression and response
to drugs®! 8 Cells receive mechanical feedback from the substrate to which they adhere, even
when there are no externally applied forces. In recent years, researchers have been
extensively investigating the role of the stiffness of a substrate as one of the key parameters
that affect cell behavior. A key motivation for this kind of study was that cells in vivo often
are grown in a relatively soft environment, while conventional tissue culture flasks are very
rigid. This diversity led to the development of 2D in vitro model systems, which use polymer
gel substrates with tunable mechanical properties that are coated with specific ECM proteins
for cell attachment. In particular, polyacrylamide gels have been widely used because these
gels can be tuned within a wide range of stiffness that mimics those of natural tissues.®3%
Commonly chosen stiffness values for the PA gels are in the range of ~0.5 kPa (brain tissue),
~10 kPa (muscle tissue), and >30 kPa (pre-mineralized bone). These gels are often referred to
as ‘soft’, ‘intermediate stiff’, and ‘stiff’. 8 Various studies indicated that stiffer substrates
generally promote cell spreading, whereas soft substrates induce a more rounded cell shape.
8.87And it is not surprising that those changes in cell morphology would also alter the cell
behavior, including cell differentiation, as the organization of the cytoskeleton is
reorganized. Mesenchymal stem cells were shown to specify lineage and commit to

phenotypes with extreme sensitivity to substrate stiffness. Soft gels that mimic brain tissue
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would induce neurogenesis of MSCs, while stiffer matrices that mimic muscle tissue induce
myogenesis, and osteogenesis on rigid gels. At the start of the culturing, reprogramming of
these lineages can still be performed with the addition of soluble induction factors, but after

several weeks in culture, the cells commit to the lineage specified by matrix stiffness.”

4.2 Viscoelastic property of biological tissues

Typically, biomaterials used for cell experiments are linearly elastic substrates, often
collagen- or fibronectin-coated polyacrylamide hydrogels. Linearly elastic materials behave
like a spring, instantaneously deforming by an amount proportional to an applied load and
returning to their original shape upon unloading. However, biological tissues behave like
viscoelastic rather than linearly elastic materials. They exhibit a time-dependent mechanical
response and dissipate a fraction of the energy it took to deform them, a property called

viscoelasticity or poroelasticity, depending on the molecular mechanism.88
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Figure 4-2 Viscoelasticity and stress relaxation of biological tissues and extracellular matrices A) Plot of loss
modulus at ~1 Hz, a measure of viscosity (or dissipation), versus storage modulus at ~1 Hz, a measure of
elasticity, for skeletal tissues, soft tissues, and reconstituted ECMs. B) Stress relaxation of different tissues.

To be more specific, even when tissues globally recover shape after injury or disease,
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local regions might not do so after forces are removed, experiencing irreversible or plastic
deformations. Irreversible changes in cell-cell boundaries caused by cell-derived forces at
junction sites have been found as essential features of pattern formation during the
development of certain diseases like Drosophila.8® As shown in figure 4.2, stress relaxation
tests reveal that soft tissues, including the liver, breast, muscle, and skin could release the
load applied on the tissue. This process of relaxing their resistance to deformation may take
tens to hundreds of seconds.® Many soft tissues also exhibit nonlinear elasticity by strain-
stiffening or become increasingly difficult to extend as they are deformed, which may be
advantageous in preventing large deformations that damage tissue.?® For example, in blood
vessel walls, distensibility at low strains accommodates pulsatile blood flow while increased

stiffness at high strains provides elastic stability to prevent vessel rupture. %

4.3 Effect of material viscoelasticity on cell behavior

The impact of substrate viscoelasticity on cells has been demonstrated powerfully
through a set of 2D culture studies. In an early study, spreading for cells cultured on soft
substrates that exhibit stress relaxation has been found to be greater than cells spreading on
elastic substrates of the same modulus. 92 Another publication cultured human mesenchymal
stem cells (hMSCs) on collagen-coated PA gels that had similar storage moduli, but varying
loss moduli and creep responses.® Increased loss moduli or creep in the substrates promoted
cell spreading, focal adhesion formation, cell proliferation, and differentiation towards

adipocytes, osteoblasts, and smooth muscle cell lineages.
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Figure 4-3 A) Images of cryosections with Oil Red O staining (red) that indicate adipogenic differentiation.
MSC cultured in gels with low stiffness show adipogenic differentiation, while cells on substrate with faster
stress relaxation show less tendency for adipogenic differentiation. B) Quantification of the percentage of cells
staining positive for Oil Red 0.

Myosin and Rho-inhibition studies indicated the role of cytoskeletal tension in
mediating the response to increased mechanical loss. In a follow-up study, increased
activation of Racl and increases in motility and lamellipodial protrusions were found in
hMSCs on substrates with higher loss and creep.®® Another study compared fibroblasts and
cancer cells cultured on covalently crosslinked(elastic), versus ionically
crosslinked(viscoelastic) alginate gels that presented RGD cell adhesion ligands. These cells
were unable to spread on soft elastic gels, but they could still spread on soft viscoelastic gels
through B1 integrin, myosin, and Rho, while still exhibiting robust focal adhesions and stress
fibers and upregulated YAP expression, similar to their behavior on stiff and elastic
substrates®

Darnell et al. investigated how substrate stiffness, stress relaxation, and adhesion ligand
density could affect the stem cell at the transcriptional level, using a 3D cell culture system

that allows for the independent control of different mechanical cues.®® As for mouse
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mesenchymal stem cells and human cortical neuron progenitors, they found dramatic
coupling among these substrate properties, and that the relative contribution of each property
to changes in gene expression varies with cell type. In human neural progenitor cells(hNPCs),
cells grown on the stress relaxation show a large amount of differentially expressed genes,

which indicate a huge effect of substrate viscoelasticity on hNPCs.

4.4 Potential of using viscoelasticity to mediate T cell activation

It has been found that T cells can sense the mechanical properties of an activating
substrate. O'Connor et al. demonstrated that mixed CD4+/CD8+ populations of primary
human T cells activated on flat polydimethylsiloxane (PDMS) elastomer surfaces presenting
anti-CD3 and anti-CD28 antibodies exhibit greater expansion on soft substrate (Young's
modulus E ~100 kPa) compared to stiff (E ~2 MPa) surfaces.®

T cell proliferation and IL-2 secretion exhibited a biphasic response to substrate stiffness,
which can be shifted by adjusting the density of activating antibodies. And not surprisingly,
this mechanosensing property of T cells can be abrogated by inhibition of
cellular contractility.®” T cell morphology was modulated by stiffness at early time points.
RNA-seq indicates that T cells show differing monotonic trends in upregulated genes and
pathways towards both ends of the stiffness spectrum. These studies provide a framework of
T cell mechanosensing and suggest an effect of ligand density that may reconcile different,

contrasting patterns of stiffness sensing seen in previous studies.
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Figure 4-4 T cells stimulated on substrate with different stiffness show different phenotype, while one specific
range of stiffness could promote the differentiation into memory T cells.®®

It has also been found that substrate stiffness could change T cell phenotype. One study
by Hicky et al. cultured T cells on antibody-conjugated hyaluronic acid (HA) hydrogel with
different stiffness. They demonstrated that by changing the stiffness of the hydrogel,
differences in phenotype, even within conditions that have similar fold expansions, can be
observed. For example, the 0.5 and 1 kPa matrix both provided nearly 20-fold expansion, but
the 1 kPa matrix generated a more balanced ratio of central memory to effector memory

CD8+ T cells than the 0.5 kPa matrix. %
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Chapter 5 Viscoelastic artificial aAPCs for T cell activation

5.1 Motivation

In cancer therapies, in particular, natural APCs activate and facilitate the expansion of
tumor antigen-specific naive T cells which undergo further positive selection, differentiation,
and maturation, inducing CD 8+ cytotoxic T cells that eventually kill the cancer cells.
However, the therapeutic use of natural APCs has met limitations over the years as they lack
the capacity for specific T cell-activating signals expression alteration.*® To overcome this
drawback, aAPCs have been developed to achieve both ex vivo and in vivo induction of
antigen-specific cytotoxic T cells. A study has reported that artificial APCs retain the
immunotherapeutic function while allowing for versatile properties control, including the size,
shapes, and surface ligand density of the aAPCs.% The versatility of aAPCs is shown
specifically in the commercialized Dynabeads, a type of polystyrene microbeads that can be
conjugated with different antibodies for customized and accurate delivery of signals. The
advantages of aAPCs have generated large interest in scientific research, leading to extensive
studies showing that the T cell activation rate is affected by stiffness of the antigen-presenting
surface. ® A recent study revealed that alginate microgel with higher stiffness could improve
cytokine production as well as T cell activation.’®® In another study, the spreading and
expansion of cells could be modulated by stress relaxation of substrate, indicating the cell
response to viscoelasticity of the extracellular matrix. ® Chaudhuri et al. also underscored the
significance of extracellular matrix viscoelasticity on cell signaling, transcription factor

activation, and epigenome.'®* However, the effect that viscoelasticity of antigen-presenting
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surface has on T cell activation is much less studied than that of the stiffness of aAPCs.

Based on the evidence of cell response to substrate viscoelasticity, as well as the
mechanical sensing properties of t cells, a hypothesis can be made: T cells could sense the
differences in viscoelasticity. Although T cell activation can be achieved by using antibody-
coated plate, the adherent culture of T cells is not a natural process for T cell expansion, and
could not replicate the formation of immune synapses during in vivo T cell activation.
Therefore, a viscoelastic aAPCs system could serve as a perfect platform to study the T cell
response to viscoelastic properties, compared to pure elastic matrices.

In this study, we aim to fabricate a type of viscoelastic aAPCs that can serve as a
platform to study the effect of viscoelasticity on T cell activation. Cell-sized microparticles
were fabricated using biocompatible alginate on a microfluidic platform. The hydrogel
microbeads were then conjugated by T cell-specific antibodies (anti-CD3 & anti-CD28) to
form artificial Antigen-Presenting Cells (aAPCs), which can be used for efficient in vitro T-
cell activation. By tuning the molecular weight and cross-linker concentration, we can adjust
the viscosity of aAPCs under consistent stiffness. In addition, by changing the cross-linking
mechanism from ionic to covalent, purely elastic aAPCs without any viscoelastic properties
will serve as a control group. Interleukin 2 (IL-2), a cytokine that is required for T cell
expansion and activation, can be loaded into the aAPCs and achieve controlled release. This
viscoelastic aAPCs can be used for studying the effect of viscoelastic properties on T cell
activation, including T cell phenotype change, exhaustion, and expansion rate. It also

possesses the potential to boost the therapeutic effectiveness of aAPCs in future clinical use.
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5.2 Experimental design

5.2.1 Alginate microgel fabrication

Microfluid generation of viscoelastic aAPCs
Droplet formation

Ollsurfactant ,

Alginate/EDTA-Ca?*

Viscoelastic aAPCs

% Anti-CD3 Y Anti-CD28 IL-2 O 1co
? cp3 ¥ cp2s Y ILe2r O Tetrazine

Figure 5-1 Scheme illustration of the microfluidic generation of viscoelastic artificial antigen-presenting cells
(aAPCs) for T cell activation.

Fabrication of the viscoelastic aAPCs can be divided into two parts: alginate microgel
generation and antibody conjugation to the alginate beads.

The gelation system consists of water phase and oil phase. The alginate is mixed with
calcium—ethylenediaminetetraacetic acid (calcium—EDTA) in the water phase. Instead of
mineral oil, Fluorinated carbon oil (HFE7500, 3 M) is used as the oil phase. This is a kind of
engineering fluid with low viscosity and inert chemical properties, which helps stabilize the
flow in the microfluidic device. By the addition of acetic acid to the oil phase, the
dissociation of the complex and release of calcium ions is triggered after drop formation,
while acetic acid dissolves into the water phase. The free ions react with the alginate chains in
a highly controlled fashion forming alginate microgels.

Covalent beads serve as the control for viscoelastic beads, which can be fabricated by
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transferring calcium-crosslinked beads to adipic acid dihydrazide(AAD) crosslinked covalent
beads. Due to the slow gelation speed of AAD crosslinking(Minutes, compared to seconds for
ionic crosslinking using Ca?"), it is currently not feasible to produce monodispersed covalent
alginate beads through a droplet-based microfluidic device directly, as the ungelled
microbeads would immediately merge with each other and form clusters at the outlet of

microfluidic devices.

Alginate @ Ca?*lons I Adipic Acid Dihydrazide (AAD)
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Figure 5-2 Schematic mechanism of converting viscoelastic alginate beads into covalent ones. A
covalent crosslinker is added to the alginate microgel to form hybrid gel with both covalent and ionic
crosslinking. Calcium in the gel is then removed by adding sodium citrate as chelator.

5.2.2  Evaluation of mechanical property

Mechanical properties of the aAPCs are tested using bulk gel with a similar composition to

the microbeads. Fabrication of the bulk gel is based on published methods.>
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Figure 5-3 Overview of the basic steps for preparing alginate hydrogels. A) Loading alginate into the syringe.
B)Alginate is rapidly mixed with calcium or covalent linker solution C) Blended solution is cast on glass slides

D) 2h gelation for ionically crosslinked gel and overnight for covalently crosslinked gel.
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The alginate beads are coated with anti-human CD3 antibody and anti-human CDS8
antibody (Biolegend, USA) at 1:1 ratio using TCO-Tetrazine click chemistry. Trans—
cyclooctene—tetrazine (TCO-Tetrazine) is the reaction pair that is suitable for
biocompatible small molecule reactions commonly used in bioconjugation, allowing the
joining of substrates of choice with specific biomolecules. This ligation chemistry is based on
an inverse—demand Diels—Alder cycloaddition reaction between a trans—cyclooctene, and
tetrazine reaction pair, forming a dihydropyridazine bond, shown in the figure above. The
chemoselective TCO-Tetrazine ligation pair possess ultrafast kinetics (> 800 Mst) and

high reaction specificity.

5.2.3  Click chemistry conjugation
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Figure 5-4 Basic concept of alginate-antibody conjugation through TCO-Tetrazine click chemistry.

To conjugate antibodies to alginate beads, TCO and Tetrazine are first conjugated to
alginate beads and IgG antibody separately, using carbodiimide crosslinker chemistry, a
reaction that crosslinks carboxylic acids to primary amines. Basically, 1-ethyl-

(dimethylaminopropyl) carbodiimide ((EDC, Sigma Aldrich, USA), a water-soluble

43


https://en.wikipedia.org/wiki/Biocompatible
https://en.wikipedia.org/wiki/Small_molecule
https://en.wikipedia.org/wiki/Bioconjugation

carbodiimide was used to form amide linkages between the amine group on antibodies and
the carboxylic acid on the alginate polymer. The co-reactant N-hydroxy- succinimide (NHS,
Sigma Aldrich, USA) is a good leaving group that can stabilize the reactive EDC-
intermediate against hydrolysis. In this study, TCO-PEG6-Amine(AxisPharm) and Tetrazine-

PEG5-NHS(Sigma Aldrich) are picked for coupling antibodies to alginate beads.
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Figure 5-5 Schematic illustration of EDC/NHS coupling between carboxylic acids to primary amines. 1%

After conjugating the reaction pairs to alginate and antibody separately, these two
reagents can be mixed and easily form a stable complex, which is the artificial antigen

presenting cells we need for this study.

524 IL-2loading & T cell activation

Due to the ability of alginate to encapsulate cytokines, IL-2, a cytokine that is
important for T cell activation, can be also loaded into the aAPCs to achieve local delivery
of co-stimulatory signal. The effect of viscoelastic aAPCs on T cell activation is evaluated
by using the NFAT Reporter Jurkat T cells (ATCC, USA) that show upregulated firefly
luciferase expression upon activation. Commercial aAPCs Dynabeads is used as the

positive control
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5.3 Methods

5.3.1  Microfluidic Device Fabrication:

All the photolithography works are conducted in the cleanroom at UCLA nanolab. The
microfluidic patterns were etched on the 4-inch silicon wafers(Universitywafers, USA) using
SU-8 photoresist. The microfluidic chip is molded from the silicone wafer using
poly(dimethyl)siloxane (PDMS) (Sylgard 184 kit, Dow Corning). Channels were sealed by
treating the PDMS mold and a glass microscope slide (VWR) with oxygen plasma. The

channels are dried by air suction and kept in the oven at 65 <C until used.

5.3.2 Artificial APCs fabrication

The aAPCs are prepared by mixing the alginate solutions phase and oil phase in the
phase formation microfluidic device. For the water phase, two kinds of alginate with different
molecular weights (VLVG, MW:70 KD, and MVG, MW:280 KD, both from NovaMatrix) are
mixed at a different ratio to adjust the viscoelasticity. For the oil phase, 157 FSH viscosity oil
(Krytox) and acetic acid is added to the Novec 7500 engineering fluid. Both two solutions
are injected into the microfluidic device from two different inlets, at a flow rate of 10:1 (oil
phase/water phase). Alginate beads formed at the outlet are transferred into Novec 7500
containing 0.05% acetic acid. HEPES buffer containing 2mM calcium chloride (HEPES-Ca)
is then added to the oil solution containing beads at 1:1 ratio, followed by a low speed
centrifuge to separate two phases and transfer the beads from the oil phase to the water phase.

The size distribution of the beads is obtained by imaging( At least 150 beads are counted)
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5.3.3 Alginate beads-Antibody conjugation

(1) 3 million alginate beads are concentrated in MES buffer containing 2mM calcium
chloride (MES-Ca) (pH=6.0). Both EDC/NHS are dissolved in MES-Ca buffer right before
conjugation and mixed with beads. The reaction took 1h to attach NHS ester to the surface of
alginate beads. After the reaction, the beads are washed with HEPES-Ca buffer containing 0.5%
Tween20 (HEPES-Ca-Tween) to adjust the pH to 7. Then TCO-PEG6-Amine(USA) is added
to the beads for overnight reaction to allow TCO conjugation onto the beads. The beads are
then desalted by dialysis for 24h to remove excess TCO.

(2) Anti-CD3 and anti-CD28 antibody (Biolegend, San Diego, CA) are mixed at 1:1
ratio and concentrated in of PBS buffer using Amicon Ultra-2 spin column(Sigma Aldrich,
USA), and mixed with Tetrazine-PEG5-NHS(Sigma Aldrich, USA) for 30 min reaction at
room temperature. The antibody-tetrazine complex is then desalted using a spin column to
remove excess Tetrazine. Purified Antibody-Tetrazine complex is mixed with glycerol at 1:1
ratio and preserved at -20 °C.

(3)For TCO-Tetrazine click chemistry, the TCO-conjugated beads are concentrated in
100 ul HEPES-Ca buffer. 2 pg of antibody-tetrazine is then mixed with the beads and reacted
for 2h at 37°C. The antibody- conjugated beads are washed three times with HEPES-Ca-

Tween buffer and preserved at 4°C.

5.3.4  Covalent (elastic) beads fabrication

Alginate beads fabricated in 5.2.2 are incubated in MES-Ca buffer for 1h to adjust pH to

6 and mixed with EDC/NHS solution to activate the carboxylic acids on the surface of
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alginate beads. PH is then adjusted to 7, followed by the addition of adipic acid dihydrazide
(AAD) as covalent crosslinker. After overnight reaction, sodium citrate buffer is added to the
beads to remove Ca?* in the solution. The covalent beads are then washed with HEPES-Ca-
Tween buffer and coated with T cell-specific antibody using the same method as viscoelastic

beads, except that all the buffer used for conjugation does not contain Ca?".

5.3.5 IL-2 controlled release

The aAPCs fabricated from the process above were incubated in 10 ug/ml 11-2 solution
for 12h. IL-2 release assays were conducted by incubating a suspension of 1 million aAPCs
in 1 ml HEPES-Ca buffer. Every two days, particle suspensions were centrifuged and 100ul
supernatant is collected as the sample. The same amount of HEPES-Ca-Tween buffer is
added to the tube to keep the total volume. The amount of IL-2 in the supernatant was

measured using a cytokine-specific ELISA kit (Biolegend, San Diego, CA)

5.3.6  Ligand density test

Quantification of the total amount of anti-CD3 and anti-CD28 presented on
functionalized beads was analyzed using the micro-BCA assay kit (Thermo Fisher, USA)
according to the manufacturer’s protocol. After antibody conjugation, the supernatant was
collected, and antibody concentration in the solution was measured by micro-BCA. The
amount of antibody on each bead can be calculated, by dividing the total amount of antibody

consumed in the reaction by the number of beads used for conjugation.
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5.3.7  Bulk hydrogel preparation

For viscoelastic gel, alginate solution and calcium sulfide suspension are loaded into two
syringes separately, at 4:1 ratio. Two syringes were then connected by a Luer lock connector,
and the solution is rapidly mixed and immediately cast on the glass slide. After 2 h of
crosslinking process, the hydrogel was cut into gel dishes with 8 mm diameter using a
biopsy punch and incubated in HEPES-Ca buffer overnight.

For covalent gel, alginate is dissolved in MES buffer (pH=6) instead of water.
Crosslinking solution containing EDC, hydroxybenzotriazole (HOBt), and different
concentrations of AAD is prepared. Two solution is mixed and cast using a similar method to
viscoelastic gel and allowed for overnight gelation.

Prepared hydrogel is then coated with anti-CD3 and anti-CD28 antibodies using similar
protocol with beads. Briefly, each gel is immersed with MES buffer containing EDC and
NHS for 1h. The solution was then replaced by the HEPES-Ca buffer, followed by the
addition of TCO-PEG6-Amine and overnight reaction. After washing away the unreacted
TCO, each gel is incubated with HEPES-Ca buffer containing Tetrazine-conjugated antibody
for 3h. The antibody-coated gel was then washed and preserved in HEPES-Ca buffer for cell

culture.

5.3.8  Mechanical property test

The stiffness of the particles is measured using bulk gel that has the same composition
as the alginate beads. Young’s modulus of the alginate gels is characterized by a Chatillon

TCD-225 system (Tangent Labs) using TLC series load cells (AMETEK Sensors, Test &
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Calibration). The data are collected and processed by Python using a published formula.>®
The initial loaded detected was used to calculate the elastic modulus. The time for the initial
stress of the material to be relaxed to half of the initial value during a stress relaxation test is

considered the relaxation time(ti2).

5.3.9 Degradation test

Viscoelastic aAPCs conjugated with FITC-labeled antibodies are transferred from

HEPS-Ca buffer into RPMI 1640 media and incubated at 37°C for 14 days. Fluorescent
images of the aAPCs are taken at different time points, and the fluorescence intensity is

obtained by a microplate reader at the same time.

5.3.10 Cytotoxicity test

Viscoelastic aAPCs were cocultured with the Jurkat T cells. Cell viability is measured by
Live/Dead staining kit (Thermo Fisher, USA) and quantified by ImageJ at day 0, day 1, and

day 3. T cell cocultured with commercial Dynabeads is used as positive control.

5.3.11 T cell activation.

Different type of beads is first washed and resuspended in T cell culture media( RPMI
1640 supplemented with 10% FBS, 1% penicillin/streptavidin,50 um 2-
mercaptoethanol,1ng/ml puromycin). 1 x10° NFAT Reporter Jurkat cells were seeded in
the 96-well plate, beads are then added to the cells at a 1:1 ratio. The culture media is then

supplemented with 30 IU/ml recombinant IL-2 to promote T cell activation. Images are
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taken at Oh, 6h, and 24h after coculture. The activation level is then evaluated by the
fluorescent intensity of each sample, which can be obtained by a microplate reader. The

result is further confirmed by flow cytometry analysis.

5.4 Results

5.4.1  Microfluidic device for microparticle generation

The microfluidic device is designed by AutoCAD, containing two inlets for the oil phase
and water phase separately. A filter structure is placed after the first inlet to reduce the
clogging of the channel. The tortuous structure before the cross-section is used to slow down

and stabilize the flow. Microparticles can form at the cross-section in a dripping mode.
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Figure 5-6 A) design of the droplet-based microfluidic device. B) Image of the PMDS microfluidic device.

Fabricated alginate beads have a homogeneous structure and good monodispersity.
Viscoelastic beads and covalent beads did not show a significant difference in morphology,
except that covalent beads are deeper in color, indicating that they may have higher density.
As fig shows, by adjusting the flow rate, the size of beads can be slightly adjusted. The

increased acetic acid concentration in the solution also speeds up the gelation process and
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generates smaller beads. However, only some specific flow rate ratio of two inputs can
achieve continuous production of microparticles. Other parameters may also cause

imbalanced flow at the cross-section and impede the formation of beads.
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Figure 5-7 A) Size distribution histogram of homogeneous alginate beads. B) Representative image of
viscoelastic beads. C) Representative image of elastic beads.

The fabricated alginate beads have a mean diameter of 8.41+0.99 um, which shows the
ability of this microfluidic device for continuous beads formation and stable size control.
The elastic beads have deeper color compared to viscoelastic one, probably due to the smaller
mesh size and higher density. Generally, 10 million beads can be made per hour using this

droplet-based microfluidic device, which indicates the potential of this design for high
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Figure 5-8 A) Average diameter of alginate beads based on flow rate and acetic acid concentration in the oil
phase. B) Time course of beads production

Alginate beads coated with antibody form the complete aAPCs for cell study. It can be
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observed that the alginate beads show even fluorescence on the surface, indicating that anti-
CD3 & anti-CD28 are evenly distributed on the surface of the beads. Also, the low exposure
time showed high fluorescence intensity on the surface, which equals to high surface ligand
density. It has been argued that not all surface antibody conjugated on the microbeads is
effective, due to the uncontrollable antibody orientation. The Fab region that is required for
T cell recognition may not face outward, which makes these antibodies useless for T cell
activation, even though they are conjugated to the beads. But this can be overcome by
increasing surface ligand density, as there would still be enough amount of reachable

antibodies in the right direction.

Figure 5-9 Image of artificial APCs conjugated with FITC-antibody. A) Bright field (particles highlighted in red
circle) B) Fluorescence image, exposure time =300 ms.

A

Due to some difficulties in measuring the stiffness of alginate beads directly by atomic
force microscopy, the mechanical properties of the alginate beads are measured by using bulk

gel with the same composition as the beads instead.
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Figure 5-10 mechanical properties of viscoelastic, pure covalent, and converted covalent hydrogel.
A) Relaxation time B) Stiffness of viscoelastic and elastic hydrogel with different crosslinker concentrations.

As shown in figure 5.10 A), the lonic crosslinked gel shows a relatively short relaxation
time ( 42s for 10mM Ca?* crosslinker, and 76s for 20mM Ca?*) that is close to body tissue.
While gel fabricated using higher crosslinker concentration have a higher degree of
crosslinking and hence less stress relaxation. Although covalent gel does not have stress
relaxation properties, slight stress relaxation can still be observed. This is caused by the
incomplete gelation by using a low concentration of AAD crosslinker, and therefore those
parts that are not crosslinked in the gel can still slide and dissipate part of the load applied to
it.

As can be seen, the covalent gel transferred from viscoelastic gel shows a very similar
relaxation time to pure elastic gel, which means the covalent aAPCs should also be pure
elastic beads instead of the composite of ionic and covalent gel. And by adjusting the
concentration of the crosslinker, the transferred covalent gel can have a similar stiffness to the
viscoelastic gel 4.6 B). This proves that we can fabricate transferred covalent aAPCs with

similar stiffness to the viscoelastic aAPCs.
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Figure 5-11 Time course of IL-2 sustained release

Due to the porosity of alginate microbeads, interleukin 2 can be retained in the beads
and slowly released into the media during cell culture. According to the release profile, we
observed a high initial burst on day 1, and all the IL-2 was released on day 7. Although this is
not a perfect linear release, the sustained release of soluble IL-2 would infiltrate T cells,

similar to how these cues are presented to T cells by natural APCs.
5.4.3 Degradation of viscoelastic aAPCs in culture media

During the fabrication process, alginate beads are preserved in buffer with 2mM calcium
ions which can help stabilize the alginate crosslinked microgel. While the RPMI-1640 media
contain only 0.6mM of Ca?* and other phosphates that could affect the stability of the

alginate beads, the degradation test is a must before coculture with cells

54



A DAY 0 DAY 7 DAY 14 DAY 14 + Sodium Citrate

100 pm 100 pm

100 pm

100 pm 100 pm

B : C ;

£ 140

$ 120 o

£ g~ 100 OH

e .

8S s} ® ° ® o

SX 4o Q .

o~ o]

g 40 Adding sodium citrate___} g o

5 20 -OH

2 o s

0 2 4 6 8 10 12 14 16 N

Time (days)

Figure 5-12 A) Degradation of viscoelastic aAPCs in RPMI-1640 culture media. Fluorescence intensity
disappeared after the addition of sodium citrate buffer. B) Quantitative measurement of fluorescence using plate
reader C) Mechanism for calcium chelation by citrate.

Based on the degradation test, the viscoelastic aAPCs incubated in RPMI-1640 media do
not show significant degradation except for slightly diminished fluorescence intensity. Cell
isolation after coculture can be achieved by adding 0.55mM sodium citrate buffer. Sodium
citrate can chelate the calcium ions in solution, and the aAPCs were completely dissolved

after calcium removal.
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Figure 5-13 Ligand spacing for anti-CD3 & anti-CD28 on microbeads
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Using the micro-BCA result, the average amount of antibody per unit on the beads can
be calculated, and hence the ligand spacing. By varying the amount of antibody used in the
conjugation, the ligand density on the microbeads can be adjusted. This can be used to
investigate which ligand density gives the optimal T cell activation, since ultra-high ligand
density may cause T cell exhaustion, while low ligand density would not be able to activate T

cells. 103
5.4.5  Cell viability

During the antibody coating of alginate beads, Tween20 is used to reduce shear stress so
that the beads can be centrifuged down without being torn apart by the flow. Sodium is also
added to the beads after conjugation to keep the aAPCs sterile. However, both agent is toxic
to cells, which makes the cell viability test a must before T cell activation.

As the result in figure 5.10 shows, after 1 day of coculture with cells, the viscoelastic
APCs group showed similar cell viability, compared to the control and commercial aAPCs

Dynabeads.
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Figure 5-14 Cell viability after coculture with viscoelastic aAPCs and Dynabeads.
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At day 3, the cell viability dropped to 66% and 64% for Dynabeads and viscoelastic
APCs, relatively. This is probably caused by the activation-induced cell death (AICD), which
happens during the in vitro activation using aAPCs.1® But the viscoelastic APCs did not

show significant cytotoxicity compared to the Dynabeads.

546 T cell activation test

X >

Control Viscoelastic aAPCs Elastic aAPCs Dynabeads

Day 0

Day 1

Figure 5-15 Images showing the activation of NFAT reporter T cells using Dynabeads and viscoelastic aAPCs.
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Figure 5-16 Fluorescence intensity measured by plate reader.

The activation is evaluated by using the fluorescence intensity of each well. As
measured by the fluorescence intensity, viscoelastic aAPCs can activate a similar ratio of
Jurkat Cells compared with Dynabeads, while the elastic one show slightly decreased
activation. The absorbance value of the control is not close to zero, because the reporter

Jurkat cells still express a low amount of GFP without being activated. This result is also
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confirmed by flow cytometry analysis.
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Figure 5-17 FACS analysis of T cell activation.

The activated Jurkat cells were highlighted in the triangle in figure 5.11.2. After 24 h
coculture, viscoelastic aAPCs are able to activate 7.6 % of the total cells, compared to 9.3%
cells for Dynabeads. Elastic aAPCs also showed similar activation rate compared to
viscoelastic ones. These results proved that the that both the viscoelastic aAPCs and elastic
aAPCs have similar effects on T cell activation compared to the commercial Dynabeads, and
have the potential for effective in vitro T cell expansion. Also, due to the difference in stress

relaxation, this T cell stimulation platform can be used to study the effect of viscoelasticity on

different T cell subtype, by varying the antibody conjugated on the beads.
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Chapter 6 Conclusion and future works

The effect of substrate stiffness on cell behavior has been well studied, but how
viscoelastic properties of biomaterials could affect cells, especially immune cells, has no
conclusions so far. Therefore, a platform that could be used to study the effect of
viscoelasticity on T cells could be very useful in demonstrating how T cells sense the
mechanical properties of the substrate. Many studies on T cell mechanosensing have used
antibody-coated 2D gel for cell culture, which is quite straightforward and cost-effective. But
this is not a good mimic of the actual environment for T cell growth. By using viscoelastic
aAPCs, T cells can be grown in suspension instead of seeding on the cells on the hydrogel.
The deformable viscoelastic should be able to form a pretty tight immune synapse with T
cells, which is required in vivo T cell activation.

Though there are many well-established methods for the generation of micrometer-sized
alginate particles in pharmaceutical research, tissue engineering, and regenerative medicine,
to our acknowledge, this is the first time that the alginate microgel particles (<10 pm) can be
produced at high-throughput, with precise control over viscoelasticity properties and served
as aAPCs to study the influence of the viscoelasticity on T cells activation. By changing the
molecular weight of alginate and ligand density, different viscoelastic aAPCs can be
customized for different T cell research.

However, although the aAPCs show good monodispersity and even antibody distribution
on the surface, there is still some clustering during the fabrication process, which should be

modified if the aAPCs are produced in larger quantities. Due to the time limit, the T cell fold
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expansion study using primary mice T cells, which is a better estimate of T cell activation has
not been included in this study. Also, the viscoelastic aAPCs are expected to generate less
exhausted T cells, as they may generate CD3-TCR ligation and reduce repeated antibody
stimulation. Further study including RNA sequencing can be performed between activated T
cells using viscoelastic aAPCs & pure elastic aAPCs to figure out what genes play important
roles in T cell sensing of the viscoelasticity.

As the mechanical properties of the viscoelastic aAPCs are closer to body tissues
compared to the commercially used Polystyrene aAPCs, it may create a better environment
for T cell activation compared to rigid and pure elastic aAPCs. Therefore, these viscoelastic
aAPCs have such potential to improve the quality of in vitro expanded T cells and enhance

the therapeutic effect of CAR T cells.
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