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Abstract  

 

3D culture is gaining recognition as the advanced in vitro culture system to study 

cells.  It bridges planar culture (2D culture) and in vivo studies, which could 

overcome oversimplified environment settings and genetic/physical differences 

to humans by animal models. For example, planar culture plates lack the 

architecture of tissues with extracellular matrix (ECM), whereas mouse tumours 

are poor representations of human ones. T cells are part of the immune system, 

and various studies have been conducted to understand their role in healthy or 

diseased tissues and the efficacy of therapies targeting these cells. To get more 

constructive in vitro results, by avoiding oversimplified culture (or in some cases 

animal models), 3D culture could be used by selecting appropriate biomaterial 

to study cells. Various biomaterials were tested for 3D T cell culture, enabling 

observation of cell-cell interaction, migration, effector function, and the effect 

of the microenvironment (i.e. oxygen gradient, stiffness) on cells. However, 

some of them have limitations such as modified environment (e.g. collagen 

hydrogel), tumour origins (e.g. Matrigel), poor stiffness level control or even 

immunogenic properties which could activate an unwanted immune response. 

In this case, self-assembling peptide gel offers solutions to those common 

biomaterial problems and makes it a great candidate for T cell 3D culture.  

 

Self-assembling peptide gel is composed of FEFEFKFK octapeptide (F, 

phenylalanine, K, lysine, E, glutamic acid); under correct temperature, pH and 
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salt concentration makes the hydrogel. The whole gelation process relies on 

electrostatic interactions between amino acids, avoiding complex and toxic 

crosslinking methods for gel formation. Primary human T cells were 

ŜƴŎŀǇǎǳƭŀǘŜŘ ƛƴ ǘƘŜ ǇŜǇǘƛŘŜ ƎŜƭ ǘƻ ŀƴŀƭȅǎŜ ǘƘŜ ōƛƻƳŀǘŜǊƛŀƭΩǎ ōƛƻŎƻƳǇŀǘƛōƛƭƛǘȅ ŀƴŘ 

suitability as the 3D culture system for cells.  

 

T cells were encapsulated in the peptide gel; their viability and effector functions 

over 7 days were observed. T cells were encapsulated with antigen presenting 

cells (APCs) to simulate their activation process as found in the peripheral 

tissues. APCs were either artificial (antibody CD3 and CD28 coated polystyrene 

beads) or actual cells such as dendritic cells (DC) isolated from the healthy 

human donors. The purpose of these experiments was to test their ability to 

respond to stimuli and deliver an appropriate response in the hydrogel. The 

material itself was modified to test the microenvironment effect on T cell 

response from the soft to the harder material, representing lymph node to 

tumour-like properties, respectively. In addition, the hydrogel was 

functionalized with extracellular matrix (ECM) proteins, fibronectin and collagen 

type I, by adsorption process to indicate whether proteins influence T cell 

behaviour (i.e. co-stimulation effect) as described in the literature. All of these 

distinctive experiments were set up to test the peptide gel's ability to support 

these complex immune cells, and whether future immune studies could benefit 

from this novel in vitro platform. Cells were monitored by proliferation assays 

(3H Thymidine, Cell-¢ǊŀŎŜ /C{9ύΣ LCbʴ ŀƴŘ L[-10 cytokine secretion (ELISA) and 

phenotype marker expression (flow cytometry). 
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T cells showed better growth in the softer gels (average 283 Pa) than the rigid 

ones, which restrained expanding proliferating clusters of cells. They responded 

to various stimuli provided by artificial and actual pro-inflammatory APC the 

peptide gel. Furthermore, functionalized gels with matrix proteins 

demonstrated a co-stimulatory effect on cells, which reflected inflammatory 

tissue scenarios experienced by cells. The peptide gel was also used to test the 

immunomodulatory effect of p38 inhibitor (BIRB196 drug) treated CD1c cells, 

which under 2D culture settings enhance T cells' immune response.  T cells under 

3D culture demonstrated similar results to the published 2D culture studies, 

indicating peptide gel compatibility as the novel in vitro culture. However, in the 

presence of fibronectin, the p38-treated CD1c effect was diminished on T cells, 

and this could represent a possible scenario of glioblastoma tumour.  

 

In conclusion, peptide gel demonstrated its ability to support basic T cell 

function. Adding additional parameters to the gel that reflect tissue 

microenvironments - demonstrated different cell behaviour, which is most of 

the time misrepresented by 2D cultures. The material itself is inert and showed 

no immunogenic properties that could mislead immune-related studies. This 

conducted research demonstrates the need for 3D culture-like studies to build 

a better understanding of immune cells, and self-assembling peptide gel is a 

good start to advance these in vitro studies. 
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Abbreviations 

2D culture 2-dimensional culture 
3D culture 3-dimensional culture 
Ab Antibody 
ACT Adoptive cell therapy 
AICD Activation-induced cell death 
AP1 Activation protein 1 
APC Antigen presenting cell 
ARG1 Arginase 1 
ATP Adenosine triphosphate 
Bcl B-cell lymphoma (e.g. Bcl-2, Bcl-xL) 
CAF Cancer-associated fibroblast 
CAR T cell Chimeric antigen receptor T cell 
CCR CC chemokine receptor (e.g. CCR7) 
CD Cluster of differentiation (e.g. CD4+) 
CFSE Carboxyfluorescein succinimidyl ester 
CGC Critical gelation concentration 
CLP Common lymphoid progenitor  
cTECs Cortical thymic epithelial cells 
CTL Cytotoxic T lymphocytes 
CTLA-4 Cytotoxic T lymphocytes associated protein 4 
CXCL Chemokine (C-X-C motif) ligand (e.g. CXCL12) 
DAMP Damage-associated molecular patterns 
DC Dendritic cell 
Dex Dexamethasone 
DI Division index 
DN Double negative 
DNA Deoxyribonucleic acid 
DP Double positive 
DTH Delayed-type hypersensitivity 
ECM Extracellular matrix 
Eomes Eomesodermin 
FCS Fetal calf serum 
Foxp3 Forkhead box protein 3 
FRC Fibroblastic reticular cells 
GAG Glycosaminoglycans 
GATA-3 GATA binding protein 3 
GelMa Gelatin methacrylate 
GITR Glucocorticoid-induced TNFR-related protein 
GM-CSF Granulocyte macrophage-colony stimulating factor 
HA  Hyaluronic acid 
HEV High endothelial venules 
HLA Human leukocyte antigens 
HSC Hematopoietic stem cells 
ICAM-1 Intercellular adhesion molecule 1 
ICOS Inducible costimulator 
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iDC Immature dendritic cell 
IFN Interferon 
IL- Interleukin (e.g. IL-2) 
Ki67 Kiel 67 
LFA-1 Lymphocyte function-associated antigen-1 
LINC Linker of nucleoskeleton and cytoskeleton 
LPS Lipopolysaccharide 
LOX Lipoxygenases 
MAIT Mucosal-associated invariant T cells 
MAPK Mitogen-activated protein kinase 
mDC Mature dendritic cell 
MFI Median fluorescence intensity 
MHC Major histocompatibility complex 
MLR Multiple leukocyte reaction 
MMP Matrix metalloproteinase 
moDC Monocyte-derived DC 
MR1 MHC class I related molecule 1 
mTEC Medullary thymic epithelial cells 
mTORC1 Mammalian target of rapamycin complex 1 
NaOH Sodium hydroxide 
NFAT Nuclear factor of activated T cells 
NF- Bˁ Nuclear factor kappa-light-chain-enhancer of activated 

B cells 
NK Natural killer cells 
NO Nitric oxide 
NSCLC Nonςsmall cell lung cancer 
nTreg Natural T regulatory cell 
Pa Pascal 
PAMP Pathogen-associated molecular pattern 
PBL Peripheral blood lymphocytes 
PBMC Peripheral blood mononuclear cells 
PD Programmed death (e.g. PD-1L) 
PEG Poly(ethylene glycol)  
PEG2 Prostaglandin E2 
PLGA Poly D,L-lactic-co-glycolic acid 
PLLA Poly-l-Lactic acid 
PMA Phorbol 12-myristate 13-acetate 
Poly:I:C Polyinosinic-polycytidylic acid 
PRR Pattern recognition receptors 
R848 Resiquimod 
RAG 1/2 Recombination-activating gene 1 and gene 2 
RNA Ribonucleic acid 
ROR- tɹ Retinoic acid-related orphan receptor 
ROS Reactive oxygen species 
Runx-3 RUNX family transcription factor 3 
SLO Secondary lymphoid organ 
TAM Tumour-associated macrophage 
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T-bet T-box transcription factor TBX21 
Tcm Central memory T cells 
TCM T cell media  
TCR T cell receptor 
TdT Terminal deoxynucleotidyl transferase 
Tem Effector memory T cells 
TF Transcription factor 
TGF Transforming growth factor 
Th Helper T cell 
TIM-1 T-cell immunoglobulin and mucin domain1 
TLR Toll-like receptor 
TME Tumour microenvironment 
TNF Tumour necrosis factor 
Tr1 Type 1 regulatory T cell 
Trm Tissue-resident memory T cell 
VEGF Vascular endothelial growth factor 
YAP Yes-associated protein 
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Chapter 1 Introduction 

1.1. Immune system  

 

The immune system is a complex network composed of cells, proteins, and 

organs that altogether protect and maintain a healthy tissue environment [13]. 

Humans and other mammals are constantly exposed to the pathogenic microbes 

and their toxins, which require a constant immune surveillance against possible 

infections or inflicted damages [13]. This also includes cancer, where immune 

cells exclude the abnormally dividing and differentiated normal cells  [14]. The 

immune systemΩǎ responsibility is enormous in scope, which is why it is 

composed from different defence layers to protect the body. 

The immune system is composed from two lines of defence: innate and adaptive 

immunity [15]. Innate immunity is the first line of defence; it induces a rapid but 

non-specific response. As it is reviewed in Marshall et al. (2018) it is composed 

of several barriers, which originate from different physiological systems [15]. For 

example, skin provides an anatomical barrier, temperature increases to reduce 

the microbial growth and leukocytes (immune cells) clear the evading pathogens 

[15]. Alongside of this, the innate system activates the adaptive immune system, 

for a more efficient and targeted response. This primes the specific immune cells 

(i.e. lymphocytes) which are responsible for antibody secretion and cytotoxic 

effect [16]. At the end of adaptive response, immunological memory is 

established, resulting in subsequent pathogen exposure - a rapid and specific 

immune response. 
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The immune system is mainly composed of specialised cells, which are activated 

through the controlled processes. As the defence system, it is extensive through 

the entire body and its malfunction could result in detrimental diseases or 

disorders such as: immunodeficiency, chronic inflammation, cancer, 

hypersensitivity, and autoimmunity [17-21]. The importance of studying and 

understanding this system is essential to creating effective treatments and 

maintaining healthy tissue environments [13, 15]. 

1.1.1. Innate immune system  

Innate immunity is composed from several defence layers defined as physical, 

biochemical and cellular barriers [15, 22]. Physical barriers contain specific 

anatomical and morphological features that specialise in restricting the 

pathogen entrance [13]. One of the examples is skin, where keratinocytes of the 

epidermal layer create an impermeable barrier due to tight junctions between 

the cells [23]. In addition, it is also covered with microflora which limits the 

pathogens growth [24]. From the chemical barrier perspective, this involves 

chemicals/proteins released by cells to inhibit microbial growth [22]. For 

example, the stomach releases hydrochloric acid, which lowers the pH to 

prevent bacterial outgrowth, whereas ōƭƻƻŘΩǎ plasma contains ΨŎƻƳǇƭŜƳŜƴǘΩ 

proteins that induce the bacterial lysis [22, 25]. However, the innate immune 

system is mainly driven by cells identifying foreign organisms, also known as 

Ψƴƻƴ-ǎŜƭŦΩΣ from the healthy ΨǎŜƭŦΩ cells [13, 15]. 
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The innate immune system is equipped with cells which are able to respond to 

the extracellular (i.e. bacteria) and intracellular (i.e. virus) pathogens [22]. They 

contain pattern recognition receptors (PRR) which recognise conserved features 

of the microbes [22]. The conserved features are known as pathogen-associated 

molecular patterns (PAMPs) which can either be complex polysaccharides, 

glycolipids, lipoproteins or nucleotides [22]. For example, Candida albicans cell 

wall contains mannosyl residues which are recognised by mannose receptors  

found on the phagocytes [26].Whereas intracellular pathogens such as viruses 

release their DNA/RNA content and interact with ǇƘŀƎƻŎȅǘŜΩǎ Toll-like receptors 

(TLRs) [22]. For example, TLR3 recognise double-stranded RNA which is released 

by the rotavirus during the viral replication stage within cells [27]. Furthermore, 

PRRs can recognise damage-associated molecular patterns (DAMPs) released 

during the sterile inflammation (absence of pathogens) [28]. As reviewed by 

Zindel and Kubes (2020) 5!atǎ ŎƻǳƭŘ ōŜ ŀ ǊǳǇǘǳǊŜŘ ŎŜƭƭΩǎ ŎƻƴǘŜƴǘ όŜΦƎΦ ƘŜŀǘ 

shock proteins, DNA) or fragments of extracellular matrix (ECM, e.g. collagen, 

biglycan) [28]. Altogether these components can initiate the innate response.  

 

During the inflammation, pathogens or damage related particles activate the 

local cells, such as epithelial cells, to secrete the pro-inflammatory cytokines and 

chemokines to recruit the immune cells [16, 28-30]. In addition, local phagocytes 

(i.e. neutrophils, macrophages, dendritic cells (DC)) release the soluble factors 

in response to engulfed microbes to increase the vascular permeability [28, 31-

34]. This enhances the recruitment and migration of the immune cells to the 

inflammation site [16, 28]. Antigen presenting cells (APCs), such as macrophages 
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and dendritic cells, process the pathogen and present its relevant antigen to 

initiate the adaptive immune response [13, 16]. This occurs once APCs migrate 

to the local draining lymph nodes and activate T and B cells response  [13, 16].  

1.1.2. Adaptive immune system 

Adaptive immunity is the final response specifically activated by APCs to target 

the source of inflammation. This part of the immune system is mainly initiated 

and controlled by the lymphocytes, known as T and B cells [13, 16]. Cells 

originate in the thymus and bone marrow, respectively, but mainly get activated 

in the lymph nodes. These lymphocytes induce their response specific to the 

antigen - a substance derived from foreign organism or damage associated 

particles [13, 35].  

 

B cells are responsible for the humoral immune response, which is driven by 

secreted antibodies against the specific antigens [15]. Antibodies have multiple 

roles, for example: to neutralise pathogens and toxins, opsonise and assist a 

phagocytic response by macrophages, and aid Natural Killer (NK) cells (part of 

the innate immunity) to induce cytotoxic effect [36-38]. Antibody secreting B 

cells are known as plasma cells, which reside in the lymph nodes for a short-term 

until immune response is resolved against the pathogen [39]. 

 

T cellsΩ responses are defined as a cell-mediated response, which either support 

the nearby immune cells functions or induce cytotoxic effects [15]. There are 

CD4+ T cells, also known as helper T cells (Th) and CD8+ T cells identified as 
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cytotoxic T cells (CTL) [15]. Th aid the work of other immune cells such as B cells, 

whereupon activation they secrete cytokines (e.g. IL-4, IL-5) and express co-

stimulatory molecules (e.g. CD40L) to induce the antibody type response [40, 

41]. Where CTL mediate cytotoxic effect against virally infected or cancerous 

cells [42, 43]. However, depending on the source of antigen, T cells can 

differentiate into several phenotypes with different types of functions (Table 

1.1). This ensures the correct set of T cells are activated to deliver an immune 

response according to the source of antigen [13, 35].  

 

Once the pathogen has been cleared, T and B cell population reduce to a fraction 

of cells, known as memory cells [44, 45]. This is also termed as immunological 

memory, which is essential for subsequent pathogen exposure. Primary 

stimulation of cells to the antigen could take more than a week, whereas 

secondary ΨƳŜƳƻǊȅΩ response will occur over a few days. One example is 

chickenpox, caused by varicella-zoster virus, whereupon primary infection T cells 

number and response increases within 1-2 weeks of infection, but upon 

secondary exposure memory T cells appear within 3-4 days [46, 47]. People with 

acquired immunity to the varicella-zoster virus felt well after the virus re-

exposure, and showed no clinical symptoms [48]. In addition, there are reports 

on innate immune memory, which are reviewed in depth by Sherwood et al. 

(2022) [49].  The sequence of innate, adaptive and memory response is 

summarised in Figure 1.1.
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Figure 1.1 Sequence of the immune response. The innate immune system is the first responder to the pathogen invasion, which limits the pathogen outgrowth whilst 

activated APC migrate to the lymph nodes. APC initiate adaptive immunity by interacting with T cells to induce a more targeted immune response. Upon T cell activation, 

these cells differentiate into CTL or Th, which either kill or aid B cell differentiation into plasma cells, respectively. Activated B and T cells drive the adaptive immune 

response until the pathogen clearance, which also ends the innate and adaptive responses. A fraction of B and T cells become memory cells and establish immunological 

memory. Upon secondary pathogen exposure, memory cells induce a more effective and rapid immune response (defined by narrow and higher peaks).  Figure created with 

BioRender.com 
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T-cell subtypes 
(phenotype 

markers) 

Mechanisms Functions Ref. 

Cytotoxic T cells (CTL) 
Cytotoxic T cells 

(CTL) 
(CD8+, Eomes*) 

 

Secrete perforin, 
granzymes, INF-ʴΣ ¢bC 
Express CD95L (FasL) 
interacting with CD95 
(Fas) on target cells 
Cytokines: INF-ʴΣ ¢bC 
 

Activated CTL induce apoptosis of the 
target cells such us virally infected or 
malignant cells. The apoptosis is 
initiated by released cytotoxic 
molecules such as granzymes and 
perforin, and direct cell-to-cell 
contact by FasL to Fas expressed on 
target cells. Secreted INF-ʴ ǇƻƭŀǊƛǎes 
Th into Th1 type cells, activates 
macrophages and promotes B cell 
differentiation. Whereas TNF aids the 
apoptosis and activate nearby cells to 
support inflammation process. 
 

[50, 51] 
[52] 

Helper T cells (Th) 
Th1 

(CD4+, T-bet*, 
Runx-3*) 

 

Secrete: IL-2, INF-ʴΣ 
TNF-ʰΣ ƭȅƳǇƘƻǘƻȄƛƴ 

Responsible for pro-inflammatory 
response by secreting cytokines to 
support macrophage and CTL activity. 
By secreting INF-ʴ ƛǘ ŀƭǎƻ ǇƻƭŀǊƛǎes 
other nearby Th cells and maintains 
their phenotype. Th1 role is important 
in anti-viral, anti-tumour and delayed 
type hypersensitivity (DTH) responses.  
 

[50, 53-
55] 
 

Th2 
(CD4+, GATA-3*) 

 

Secrete: IL-4, IL-5, IL-
13 

Dedicated to humoral response, 
driven by B cells. Th2 secretes a 
mixture of cytokines which promote B-
cell activation and differentiation into 
plasma cells. This subtype of cells 
causes non-inflammatory response, 
driven against extracellular infections 
such as parasitic (i.e. helminths). Also, 
Th2 partake in allergic response such 
as asthma.  
 

[50, 53, 
56, 57] 
 

Th17 
(CD4+, ROR-ʴǘϝύ 

 

Secrete: IL-17, IL-22 Induce pro-inflammatory responses in 
the peripheral tissues, mainly against 
extracellular pathogens (e.g. bacteria 
or fungi). Responsible for 
macrophages recruitment and 
neutrophil activation by secreted IL-17 
cytokine. IL-22 induce antimicrobial 

[50, 56, 
58] 
 
 

Table 1.1 T cell phenotypes and function 
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peptide secretion from local epithelial 
cells.   
 

Th9 
(CD4+) 

 

Secrete: IL-9 Known for their anti-tumour response, 
by their enhanced cytotoxic molecule 
secretion, recruitment of other 
immune cells and promoting survival 
of activated T cells and DC. In addition, 
cells are responsible for anti-parasitic 
response, where secreted IL-9 recruits 
mast cells (part of innate immunity). 
 

[50, 59, 
60] 
 

Follicular helper T 
cell (Tfh) 
(CD4+) 

Secrete: IL-4, IL-21 Mainly found in lymph nodes, where 
upon activation T cells release 
cytokines important for B cell 
differentiation into antibody secreting 
cells ς plasma cells.  
 

[51, 56] 
 

Natural T 
regulatory cells 

(nTreg) 
(CD4+, CD25high, 

CD127low, Foxp3*) 
 

Secrete: TGF-ʲΣ L[-10, 
IL-35 
Expresses CTLA-4, 
GITR 

/Ŝƭƭǎ ŀǊŜ ŀŎǘƛǾŀǘŜŘ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ΨǎŜƭŦΩ 
antigens derived from healthy/normal 
cells. This prevents an autoimmune 
response, by suppressing activated 
effector T and B cells and maintains 
peripheral tolerance. This occurs after 
pathogen clearance or presence of 
autoreactive cells. nTregs express 
CTLA-4 which interacts with DC. This 
reduces the pro-inflammatory 
cytokine release and depletion of 
tryptophan ς a metabolite important 
for effector T cellsΩ activity. Also, 
secrete anti-inflammatory cytokines 
(IL-10, TGF- ̡ ύΦ 
 

[50, 53, 
61, 62] 
 

Th3 
(CD4+) 

 

Secrete: TGF-  ̡ Regulatory type T cells. They are 
ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ƻǊŀƭ ǘƛǎǎǳŜǎΩ ǘƻƭŜǊŀƴŎŜ 
by suppressing Th1 and Th2 type cells. 
Secreted TGF- ʲ ƛƴŘǳŎŜǎ B cells to 
secrete IgA antibody for mucosal area 
protection. 
 

[50, 63, 
64] 
 

Tr1 
(CD4+) 

Secrete: IL-10 
Co-expresses CD39 
and CD73 markers, 
which hydrolyse 
extracellular ATP to 
adenosines 
 

Regulatory type T cells, responsible for 
intestinesΩ tolerance. Anti-
inflammatory IL-10 and adenosine 
depletion (metabolic disruption) 
suppress effector T cell activity.  
 

[50, 61, 
62, 65] 
 

*  Transcription factors 

Table 1.1 T cell phenotypes and function (continue) 
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1.1.3. T cells 

T cells, also known as T lymphocytes, are critical for the immune system as they 

mediate a specific and more targeted response [13]. They exist in several 

phenotypes, depending on their location (e.g. tumour, mucosal surfaces), source 

of antigen (i.e. extracellular or intracellular pathogen), memory status and 

effector function (e.g. immunosuppressive, pro-inflammatory) (Table 1.1.) [44]. 

These factors create a diverse T cell pool, which altogether maintain a healthy 

tissue environment and prevents re-occurring threats [13, 44]. This section 

ŜȄǇƭƻǊŜǎ ǘƘŜ ŎŜƭƭΩǎ ƻƴǘƻƎŜƴȅΣ ŀŎǘƛǾŀǘƛƻƴ ŀƴŘ ŦǳƴŎǘƛƻƴ ŀǎ ǇŀǊǘ of the immune 

system. 

1.1.3.1 T cell development 

The T cell development process occurs between two organs: bone marrow and 

thymus [66]. The first step occurs in the bone marrow, where hematopoietic 

stem cells (HSCs) give rise to the common lymphoid progenitors (CLPs) cells [66, 

67]. T cellsΩ lineage from CLPs are induced by the Notch signalling, which is 

initiated by the surrounding osteoblasts, endothelial and immune cells [68, 69]. 

This results in cellsΩ migration to the thymus, where entering cells are named as 

ΨǘƘȅƳƻŎȅǘŜǎΩ (Fig. 1.2) [13, 68].  Thymocytes enter the thymus as the ΨŘƻǳōƭŜ 

negativeΩ ό5bύ cells, due to the lack of CD4 and CD8 markers expression [66, 70, 

71]. At this stage, ŎŜƭƭǎ ǊŜŀǊǊŀƴƎŜ ǘƘŜƛǊ ¢ ŎŜƭƭ ǊŜŎŜǇǘƻǊΩǎ ό¢/wύ chains and upon 

completion they become ΨŘƻǳōƭŜ ǇƻǎƛǘƛǾŜΩ ό5tύ cells, expressing CD4 and CD8 

markers on their surface.  
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In the thymus cortex, DP cells undergo a selection process for CD4+ or CD8+ 

marker expression [70, 71]Φ Lǘ ƛǎ ŀƭǎƻ ƪƴƻǿƴ ŀǎ ΨǇƻǎƛǘƛǾŜ ǎŜƭŜŎǘƛƻƴΩ which is led by 

the cortical thymic epithelial cells (cTECs) (Fig. 1.2). cTECs express major 

histocompatibility complex (MHC) class I and II, where they present self-antigens 

(peptides) to interact with TCRs of thymocytes. Depending on their affinity to 

the presented antigen, thymocytes become either CD8 or CD4 positive T cells 

[71, 72]. Newly selected cells continue to migrate to the thymus medulla, for a 

ΨƴŜƎŀǘƛǾŜ ǎŜƭŜŎǘƛƻƴΩ process, which ensures the production of tolerant and non-

Figure 1.2 T cell development in thymus. Thymocytes enter thymus through the cortico-

ƳŜŘǳƭƭŀǊȅ ƧǳƴŎǘƛƻƴ ŀƴŘ ƳƛƎǊŀǘŜ ǘƻǿŀǊŘǎ ǘƘŜ ŎƻǊǘŜȄ ǊŜƎƛƻƴ ŦƻǊ ΨƴŜƎŀǘƛǾŜ ǎŜƭŜŎǘƛƻƴΩΦ Ŏ¢9/ǎ 

maintain this process by presenting self-antigens on MHC molecules. This determines T 

ŎŜƭƭ ǎǳōǎŜǘΥ /5пҌ ƻǊ /5уҌ ǘȅǇŜΦ {ǳōǎŜǉǳŜƴǘ ǇǊƻŎŜǎǎ ƛǎ ΨǇƻǎƛǘƛǾŜ ǎŜƭŜŎǘƛƻƴΩ ǿƘƛŎƘ 

eliminates self-reacting T cells, produces Treg and conventional cells which are released 

to the peripheral tissues. Image obtained from Handel et al. (2018) [8]. 
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autoreactive cells. Medullary thymic epithelial cells (mTECs) present self-

antigens for T cells, which excludes self-reactive cells via the apoptosis process. 

Whereas T cells with low affinity to the antigen are preserved and released to 

the peripheral tissues. Some self-reactive T cells, which express the transcription 

factor Foxp3, become nTregs [70-72]. This depends on the strong TCR 

stimulation by high affinity to antigens and presence of IL-15, IL-2 and TGF-ʲ 

thymus cytokines leading to the Foxp3 expression [73]. Overall, at the end of the 

T cell development process only 5% of total cells leave the thymus and enter the 

peripheral tissues [13]. CD8+ T cells (CTL) in the periphery will recognise antigens 

presented on MHC Class I, whereas helper CD4+ T cells depend on MHC Class II 

[13]. 

1.1.3.2. TCR arrangement 

The diversity of T cells relies on the TCR, where they recognise a unique set of 

antigens originating from the microbes or damage related particles [13, 74]. TCR 

is composed off ʰ ŀƴŘ ʲ ŎƘŀƛƴǎ, which create a unique set of receptors to each 

T cell in the immune system [13, 74]. TCRs are formed by the gene 

rearrangement process mediated by RAG1/2 proteins and terminal 

deoxynucleotidyl transferase (TdT) at TCR loci [11, 75]. These enzymes initiate 

double strand DNA break, removal of gene segments and ligation process of 

adding/existing nucleotides. This random process creates a unique DNA 

sequence coding for TCRh ŀƴŘ  ̡ chains (Fig. 1.3). The combination of two 
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ŘƛŦŦŜǊŜƴǘ ŎƘŀƛƴǎ όʰʲύ ƛƴŎǊŜŀǎŜǎ ǘƘŜ ŘƛǾŜǊǎƛǘȅ ƻŦ ¢/w recognising various antigens 

[11, 75].  

1.1.3.3. T cell activation by antigen presenting cells (APCs) 

T cells circulate through the blood and lymphatic system searching for the APC 

presenting cognate antigen [76]Φ !ǘ ǘƘƛǎ ǎǘŀƎŜΣ ¢ ŎŜƭƭǎ ŀǊŜ ƛƴ ΨƴŀƠǾŜΩ or antigen-

inexperienced, state due to the absence of an invading pathogen [74]. T cells 

with unique TCR also exist in a minimal number, not enough to stop the infection 

and disease progression [77]. This relays on the proliferation process, also 

known as clonal expansion, which only occurs upon T cell activation during 

Figure 1.3 TCR arrangement. TCR loci are composed of Variable (V), diversity (D) and 

joining (J) gene segments which are rearranged by RAG1/2 proteins and modified by 

¢Ř¢ ŜƴȊȅƳŜǎΦ ¢ƘŜ ǇǊƻŎŜǎǎ ƛƴ ƎǊŀǇƘ ǇǊŜǎŜƴǘǎ ¢/w ʲ ŎƘŀƛƴ ǿƘƛŎƘ ǊŜǎǳƭǘǎ ǿƛǘƘ ǾŀǊƛŀōƭŜ 

ǊŜƎƛƻƴΣ ǘǊŀƴǎƭŀǘŜŘ ŦǊƻƳ ǘƘŜ ǊŜŀǊǊŀƴƎŜŘ 5b!Φ ¢ƘŜ ǎƛƳƛƭŀǊ ǇǊƻŎŜǎǎ ƻŎŎǳǊǎ ŦƻǊ ǘƘŜ ¢/wʰ 

chain as well, overall creating a unique set of TCR expressed by the T cell. This process 

increases the diversity of T cells able to recognize various antigens derived from 

pathogens. Image taken from Migalska et al. (2018) [11]. 
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microbial infection (e.g. COVID-19), cancer (e.g. melanoma) or autoimmune 

disease progression (e.g. psoriatic arthirtis) [78-80].  

 

T cellsΩ interaction with APCs occurs in the T-cell zones found in the spleen, 

lymph nodes ŀƴŘ tŜȅŜǊΩǎ ǇŀǘŎƘes [81]. Altogether, these organs are defined as 

secondary lymphoid organs (SLOs), which are positioned to induce immediate 

immune response upon microbial or damage-related particle exposure. The 

routes of exposure vary between organs, as lȅƳǇƘ ƴƻŘŜǎ ΨŦƛƭǘǊŀǘŜΩ ǘƘŜ ƛƴterstitial 

fluid from the nearby tissues, the spleen checks the blood anŘ tŀȅŜǊΩǎ ǇŀǘŎƘŜǎ 

survey ǘƘŜ ƛƴǘŜǎǘƛƴŜΩǎ mucosal surfaces [81-85].  The similar process occurs in 

the peripheral tissues, where APCs constantly sample the environment by 

phagocytosis or pinocytosis processes [86-88]. APC could be monocytes, B cells, 

macrophages and DC, but DC are the most common cells responsible for T cell 

activation [1, 81, 82]. 

 

Upon pathogen exposure and interaction with one of the PRRs, DC undergo an 

activation process to become mature cells [89].  They process the pathogen or 

microbial patterns into linear peptide fragments and present them on MHC Class 

I/II for lymphocytes. This takes two different pathways, as it depends on the 

intracellular or extracellular microbial fragments [90]. As mature cells, they 

express co-stimulatory molecules to enhance T cell activation, and upregulate 

CCR7, a chemokine receptor, to facilitate their migration towards the lymph 

node where T cells commonly reside [12, 82, 89]. Lymph nodes contain a denser 
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cellular environment, where a compact area ensures increased T cells and DCs 

encounters [81].  

 

In the absence of pathogen, T cells interaction with DCs in the lymph nodes only 

lasts a few minutes [91]. This short-lived interaction ensures a continuous T cell 

search through the lymph nodes, until they encounter a cognate antigen 

presented by DCs. Once a T cell recognises the cognate antigen, the interaction 

with DC lasts for 12-24 hours, which is allocated for a full T cell activation and 

proliferation process [82, 91].  

 

T cell activation depends on TCRsΩ interactions with antigen presented on the 

MHC molecule, which is also known as Signal 1 [92, 93] (Fig. 1.4). The number of 

Figure 1.4 T cell activation by DC. T cell activation depends on the antigen presented on 

MHC by DC. This provides Signal 1, which induces T cell activation. Next, co-stimulatory 

molecules such as CD40L mediates Signal 2, which amplifies Signal 1 response in T cells. 

Released cytokines from DC also cause the Signal 3 response, which results in T cell 

differentiation and effector function. Image obtained from Kambayashi et al. (2014) [1]. 
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interacting TCRs with antigen-MHC (i.e. avidity) and the level of binding between 

TCR and peptide (i.e. affinity) directs T cell activation [94, 95]. If a presented 

antigen on MHC has a high affinity to TCR, it will require a low number of TCRs 

to interact with MHC for T cell activation [95]. Whereas avidity helps T cells to 

respond to the antigens with low affinity or density, and increase cellsΩ activation 

response [94]. The signal from TCRs is further passed by the CD3 complex, which 

induces further signal transduction in cells [96]. This initiates the cytoskeletal 

structure (actin and microtubules) organisation, forming an immunological 

synapse between cells [97] (Fig. 1.5). The Signal 1 activates nuclear TFs such as 

AP1, NFAT and NF-ˁ.Σ that initiate the gene expression for IL-2 cytokine 

production to support T cellsΩ survival and proliferation [97, 98]. In addition, 

lymphocyte function-associated antigen-1 (LFA-1), an adhesion ligand of T cells, 

undergoes a conformational change to increase their avidity and affinity to the 

intracellular adhesion molecule-1 (ICAM-1) expressed on other immune cells 

[98-100]. LFA-1 is usually expressed on non-activated T cellsΩ surfaces but at a 

low affinity state [100]. Upon cellsΩ activation, LFA-1 provides a stop signal for T 

cell migration, which also enhances cell-cell interaction and further maintains 

TCR stimulation response [98, 101] After Signal 1, T cells require co-stimulation 

(Signal 2) to sustain and enhance activation signalling within the cell [93, 97] (Fig. 

1.4). This also prevents T cells from ƘȅǇƻǊŜǎǇƻƴǎƛǾŜ ΨŀƴŜǊƎȅΩ state or cell 

apoptosis [82, 102]. During Signal 1, CD28 is upregulated on the T ŎŜƭƭΩǎ ǎǳǊŦŀŎŜ 

and interacts with CD80 and CD86 expressed on DCs. Signal 2 is driven by CD28 

function, which mainly amplifies the Signal 1 by upregulating already activated 

transcription factors. This sustains IL-2 secretion and induces
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Figure 1.5 Immunological synapse between T cells and APC. 5ǳǊƛƴƎ ¢ ŎŜƭƭ ŀŎǘƛǾŀǘƛƻƴΣ ƛƳƳǳƴƻƭƻƎƛŎŀƭ ǎȅƴŀǇǎŜ ŦƻǊƳǎ ōŜǘǿŜŜƴ ŎŜƭƭǎ ǘƻ ǎǳǎǘŀƛƴ ¢ ŎŜƭƭΩǎ ǎƛƎƴŀƭƛƴƎ 

ǇǊƻŎŜǎǎΦ ¢Ƙƛǎ ǇǊƻŎŜǎǎ ƛƴǾƻƭǾŜǎ ƴǳƳŜǊƻǳǎ ƳƻƭŜŎǳƭŜǎΣ ǿƘƛŎƘ ŀǊŜ ŎƭǳǎǘŜǊŜŘ ƛƴǘƻ ǘƘǊŜŜ ǊŜƎƛƻƴǎ ŦƻǳƴŘ ƻƴ ¢ ŎŜƭƭΩǎ ƳŜƳōǊŀƴŜΥ central supramolecular activation 

complex (cSMAC), peripheral (pSMAC) and distal (dSMAC) regions. cSMAC region initiates TCR activation by MHC molecules found on APC (induce Signal 1), 

whereas co-stimulatory molecules such as CD28 and ICOS (part of Signal 2) amplify the Signal 1 and mediate the cytoskeleton arrangement (i.e. actin filaments 

ŀƴŘ ƳƛŎǊƻǘǳōǳƭŜǎύ ǘƻ ǎƘŀǇŜ ¢ ŎŜƭƭΩǎ ǎȅƴŀǇǎŜΦ Ǉ{a!/ Ŏƻƴǘŀƛƴ ŀŘƘŜǎƛƻƴ ƳƻƭŜŎǳƭŜǎ όŜΦƎΦ [C!-1) which secures and endures the interaction between cells [5]. 

Keyword: MTOC ς microtubule organizing center. Figure created with Biorender.com. 
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 the proliferation response [102, 103]. At this stage, T cells support their own 

survival and proliferation via autocrine manner by producing IL-2.  CD28 co-

stimulation also prevents cells from apoptosis by accumulating anti-apoptotic 

Bcl-Xl and increasing metabolic activity such as glucose uptake for T cells [104]. 

Other co-stimulatory molecules such as CD40L, ICOS and OX40 promote T cell 

activation by priming, enhancing ŎŜƭƭΩǎ survival and tolerance in cells, 

respectively [105]. If co-stimulation occurs without a TCR signal, the expressed 

inhibitory signals such as CTLA-4 (cytotoxic T-lymphocyte associated protein 4) 

stops T cell activation by binding to CD80/CD86 [102].  

 

Antigen-experienced (memory) T cells are co-stimulation independent, as 

reactivation by antigen only (i.e. Signal 1) is sufficient enough to induce ¢ ŎŜƭƭǎΩ 

activation response [105]. In some cases, the adaptive immune response driven 

by T cells becomes the first responder even before the innate immune system, 

generally known to be a vice versa response [44]. One study reported where 

tissues residential memory T cells induced DCs maturation, activated NK cells 

and recruited more T cells to the site upon viral re-infection [106]. Clearly, it was 

another way by the immune system to induce an immediate response. 

 

T cells activation require a cytokine based Signal 3, that determines cellsΩ 

phenotype and effector functions [92, 93] (Fig. 1.4). After the phagocytosed 

extracellular or intracellular pathogen, APCs secrete a specific set of cytokines 

instructing naïve T cells on the required response [92] (Fig. 1.6). For example, 
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bacteria and parasites cause the IL-4 secretion which cause Th2 type response 

[107, 108]. This leads to B cell activation by Th2 cells and the generation of 

antibodies [108, 109]. Whereas viral infection causes IL-12 secretion, thus 

inducing Th1 and CTL function [110]. Th1 cells will support CTL activity whilst CTL 

are clearing the virally infected cells [6, 111, 112]. In addition, the combination 

of cytokines and the signal strength from TCRs activate specific TFs responsible 

for defining the T cellΩǎ phenotype [54, 113]. For example, IL-мн ŀƴŘ LbCʴ 

cytokines with a strong TCR signal activate T-bet TFs to induce Th1; whereas IL-

2, TDCʲ ŀƴŘ a strong TCR signal activate Foxp3 TFs for Treg [6, 114-116]. Signal 

Figure 1.6 Cytokine pool effect CD4+ T cell phenotype. Stimulus, which could be any 

pathogen or self-reactive cell, induces APC activation. This causes the release of specific 

set of cytokines which instructs the activated, naïve T cells (already received Signal 1 

ŀƴŘ нύ ƻƴ ǘƘŜ ǊŜǉǳƛǊŜŘ ŎŜƭƭΩǎ ǇƘŜƴƻǘȅǇŜ ǘƻ ƳŜŘƛŀǘŜ ŀƴ ŀǇǇǊƻǇǊƛŀǘŜ ƛƳƳǳƴŜ ǊŜǎǇƻƴǎŜΦ 

Figure created with BioRender.com 
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3 is defined as the final signal received by T cells over the course of activation 

process [117]. 

 

T cell responses can also be induced by non-peptide derived antigens presented 

by CD1 and MHC class I-related protein (MR1) [118, 119]. CD1 can present lipids, 

a small synthetic molecules or skin oil for T cell activation, whereas MR1 presents 

Vitamin B metabolites produced by a broad range of bacteria, activating mucosal 

associated invariant T cells (MAIT) [118-120]. This helps to set the immune 

response against various antigens, not just peptide-derived ones.  

1.1.3.4. Antigen presenting cells (APC) 

DCs take a great role in inducing T cellǎΩ activation [89, 121]. In absence of 

pathogen, DC retain an immature state, where they reside in the peripheral 

ǘƛǎǎǳŜǎ ŀƴŘ ΨǎŀƳǇƭŜΩ ǘƘŜ ǎǳǊǊƻundings for potential stimulus [122]. At this stage, 

they also present the self-antigens and ICOSL (inducible co-stimulator-ligand) for 

T cells to maintain the immunotolerance response [105]. 5/Ωs ICOSL binds to the 

presented ICOS on T cells, which induces DC to maintain the low levels of co-

stimulatory molecules and cytokine secretion [89, 105]. In some tissue areas, 

where microbial growth is normal (e.g. lungs, skin, intestine), DC receive 

tolerogenic mediators (i.e. IL-10, TGF-b) to prevent their own activation [105, 

122]. But it is a different situation for blood or other sterile tissue areas, where 

DC undergo a maturation process upon pathogen encounter [105]. 
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Upon pathogen exposure, DC undergo ŀŎǘƛǾŀǘƛƻƴ ŀƴŘ ōŜŎƻƳŜ ΨƳatureΩ ŎŜƭƭǎ [89, 

123]. On their surface, they increase MHC molecules presenting antigen, express 

co-stimulatory molecules and secrete pro-inflammatory cytokines to induce T 

cellsΩ response [89, 105]. DC morphology also changes into ŀ ΨǎǘŜƭƭŀǘŜΩ ǎƘŀǇŜ, 

which increases its surface area for interaction with T cellsΩ, simultaneously 

increasing the number of interacting TCRs with MHC molecules (Fig. 1.7). This 

makes DC a favourable APC cell for the T cell activation, as B-cells lack the 

dynamic membrane needed for effective stimulation response [121]. Mature 

DCs express high levels of CCR7 chemokine receptor that enhances their 

Figure 1.7 Immature and mature DC phenotypes, and T cell activation. Immature DCs 

search the surrounding environment by phagocytosis for pathogen or damage-related 

stimuli. They express autoantigens or environmental cues on the MHC molecules to 

maintain the immune tolerance and Treg activity. Upon pathogen encounter, DCs 

upregulate MHC and co-stimulatory molecules on their surface, and secrete the specific 

set of cytokines to activate T cells. Mature DCs morphology also change into the stellate 

shape, which enhances the immunological synapses formation between cells. Image is 

collected from Comabella et al. (2010) [9]. 
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migration to the nearest lymph node from the peripheral tissues [105, 124]. In 

this state, DCs also stop further antigen uptake and processing, mainly to 

present the current antigen related to the pathogen found in the nearby tissues 

[105]. 

 

T cell activation could be induced by any other cells that express MHC on their 

surface. All nucleated cells express MHC Class I, which at all times present self-

antigens as an indication of Ψhealthy cellsΩ [90]. During intracellular infection, the 

same cell will present non-self antigens derived from pathogens on MHC Class I, 

and will signal for cytotoxic CTL response [44, 90, 105]. This is useful if the re-

infection occurs and residential memory T cells (antigen-experienced) induce a 

localised immune response [10]. This delays local pathogens from spreading 

until newly activated T cells from the local lymph nodes arrive to enhance the 

immune response [10].  

 

Upon extracellular pathogen encounter, DCs will present the antigens on MHC 

Class II molecules [90]Φ aI/ /ƭŀǎǎ LL ƛǎ Ƴŀƛƴƭȅ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ΨǇǊƻŦŜǎǎƛƻƴŀƭΩ !t/ǎΣ 

such as B cells and macrophages, but it can also be expressed by other cells such 

as neutrophils, monocytes, epithelial and endothelial cells under the influence 

of IFNɹ  cytokine [1, 90, 125, 126]. However, these types of APCs under IFNɹ 

influence are only able to activate memory T cells.  

 

In summary, DCs take the large part of presenting the antigen and activating T 

cells. Together with other types of APCs, frequent and multiple encounters of 
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antigen for T cells are needed to support their function until complete pathogen 

clearance. In absence of pathogen or danger associated stimuli, APCs with self-

antigens maintain the tolerogenic response and support homeostatic survival of 

naïve T cells via MHC Class I [127].  

1.1.3.5. Memory T cells 

The adaptive immune system forms immunological memory after the first 

antigen encounter [44, 128, 129]. It occurs at the end of infection, where the 

large population of effector T cells (90-95%) commit apoptosis and leave a 

fraction of cells, known as memory cells [129]. Memory cells will respond to the 

subsequent antigen exposure with an increased proliferation rate and effector 

function capacity which cause a secondary response quicker than the primary 

one [128, 131]. They also have access to the peripheral tissues, and restrict for 

naïve cells  [44]. There are three types of memory T cells that are functionally 

and locally distinctive amongst themselves. CD4+ and CD8+ T cell subsets can 

become memory T cells, classed as effector (Tem), central (Tcm) or residential 

cells (Trm) [129, 130].  

 

Tem mainly circulate through the spleen, blood, lymph nodes and peripheral 

tissues, such as lung and intestines [76, 129, 130, 132]. After antigen encounter, 

they induce a rapid effector response with low proliferation rate, making them 

ΨŦƛǊǎǘ ǊŜǎǇƻƴŘŜǊǎΩ ǘƻ ǘƘŜ ƛƴŦŜŎǘƛƻƴ ǳƴǘƛƭ ƳƻǊŜ ŜŦŦŜŎǘƻǊ ŎŜƭƭǎ ŀǊǊƛǾŜ (Fig. 1.8) [10, 

129, 130]. Tcm have the same role as Tem, but they circulate through the blood 

and lymphoid tissues rather than residing in non-lymphoid tissues [76]. A key 
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characteristic of Tcm is increased proliferation capacity, whereupon antigen 

encounter produce a larger number of effector cells [44]. Whilst Tem in the 

periphery deliver the first response, this gives time for Tcm to proliferate and 

form a large number of effector cells (Fig. 1.8) [44]. In the absence of infection, 

Tcm together with naïve T cells circulate through the lymphatic and blood 

system and dedicate 6-18 hours per lymph node to detect the cognate antigen 

[130].
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Figure 1.8 Memory T cell response in the peripheral tissues. a) During secondary antigen exposure, local memory T cells (i.e.Tem, Trm) are the first to respond to 

the pathogen (i.e. virus). In the meantime, antigen specific Tcm circulates through the system until they encounter the cognate antigen in lymph nodes. Activated 

antigen-specific memory cells migrate to the infected site, proliferate and initiate the immune response. b) At the infection site, only antigen-specific memory T 

cells will deliver the effector response. c) The increasing number of antigen-specific effector T cells at tissue and lymph node sites, ensures the effective pathogen 

clearance. Image obtained from Woodland et al. (2009) [10]. 
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Memory T cells entering non-lymphoid tissue areas can become residential T 

cells (Trm) [76]. They are mainly found in mucosal tissues (intestine, lungs, skin), 

where frequent antigen exposure occurs [76]. These cells reside permanently in 

tissues by expressing high levels of adhesion markers and do not circulate 

through the system as other memory cells [129]. In tissues, cells maintain their 

own expansion and induce immediate response until Tcm produce active 

effector cells [76, 129]. 

 

Immunological memory develops throughout childhood upon constant 

exposure to the environmental microbes and danger-related particles [129]. At 

an early age, the T cell pool is mainly composed of naïve T and Treg cells, which 

become memory cells upon antigen exposure.  During the aging process, 

memory T cells pool increases whilst naïve T cells population declines over time 

[129]. This is due to ǘƘȅƳǳǎ ΨǎƘǊƛƴƪŀƎŜΩ, also known as thymic involution, where 

at an elderly age the output of naïve T cells is reduced [74, 133]. In contrast, 

memory T cells pool is maintained throughout aging by homeostatic 

proliferation mediated by IL-7 and IL-15 cytokines [76, 129, 134]. 

1.1.3.6. T cell plasticity  

During T cell activation, a naïve cell differentiates into the mature effector cell 

with a defined function and lineage subset (Table 1.1). CD4+ T cells subtype is 

defined by the antigen type, TCR signal strength and cytokine milieu (Fig. 1.6) 

[135]. ²ƘŜǊŜŀǎ /5уҌ ¢ ŎŜƭƭǎ Ƴŀƛƴƭȅ ƎŜǘ ŀŎǘƛǾŀǘŜŘ ƛƴǘƻ ΨƪƛƭƭŜǊΩ ŎŜƭƭǎ ǘƻ ƳŜŘƛŀǘŜ 

their cytotoxic effect [136]. However, the committed effector cells can still alter 
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their phenotype and function under the changing tissue environment. This is 

ƪƴƻǿƴ ŀǎ ¢ ŎŜƭƭ ΨǇƭŀǎǘƛŎƛǘȅΩΣ wherein a committed cells change its characteristics 

to a different T cell lineage (Fig. 1.10) [6, 137]. One example is Th17, which 

normally expresses RORɹt transcription factor and IL-17, where found to be 

secreting IL-17 and IFNɹ  during bacterial infection [138]. Th17 also expressed T-

bet transcription factor, that are mainly found in Th1 cells. It is speculated that 

the reason for Th17 plasticity and acquired Th1 function is to prevent the 

bacterial systematic spread [138]. It is clear that under the right circumstances, 

T cells adapt to deliver an appropriate response.  

Figure 1.10 CD4+ T cell plasticity. Naive T cells have the greater capacity of plasticity 

(hence the cell size) under the influence of cytokine milieu. During naïve T cell 

differentiation towards fully-committed phenotype (i.e. polarised cell, small cell size), at 

midpoint of the process it still has the capacity to commit to several phenotypes. This 

produces T cells with distinctive effector functions, which are not normally found in fully 

polarised cell.  Image obtained from Du Page et al. (2016) [6] 
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1.2 3D culture  

 

The majority of the biological experiments contain in vitro (outside of living 

organisms) and in vivo (within living organisms) studies. In vitro studies are 

carried out in plastic or glass containers (defined as 2 dimensional i.e. 2D 

cultures), which lack the multicellular organism analyses commonly found in 

animal models [139]. However, 3D (3-dimensional) culture is getting more 

ŀǘǘŜƴǘƛƻƴ ŀǎ ǘƘŜ ΨōǊƛŘƎŜΩ ōŜǘǿŜŜƴ these two types of studies because it can 

overcome the simplistic culture experimental set ups and avoid genetic and 

physical differences to human-related studies [139, 140].  

 

The demand for the 3D culture system could be reflected in article publishing, 

which peaked in 1990 (Fig. 1.11). This could be attributed to the available novel 

methods and materials and the demand for tissue-specific experiments. 

However, there was a clear decline in publishing in 2022 that may have been 

affected by the COVID-19 pandemic - causing research facilitiesΩ closures, 

delayed data acquisitions and reduced research funding [141].  

 

3D culture is part of in vitro studies and can be set up with scaffold or scaffold-

free techniques [139]. Scaffold-based cultures require a biomaterial that allows 

a structural platform for cells to grow. This could be hydrogels, hard polymer 

scaffolds, micropatterned materials (e.g. electrospinning), decellularized tissues 

and microfluidic devices [142, 143]. Conversely, scaffold-free techniques are 

mainly based on the cellular aggregates (i.e. spheroids and hanging drop 
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cultures) [140, 142]. Depending on the research question, there is an array of 

methods and biomaterials to study a specific cell response. For example, 

spheroids made from the cancer cells represent compact tumour tissues ideal 

for drug-screening studies [144]. Microfluidic devices can be used to study the 

valve formation by controlling the effect of lymph flow and wall shear stress on 

the lymphatic endothelial cells [145]. However, hydrogels are ideal for 3D 

culture studies due to their ability to recapitulate cell-ECM interaction 

commonly found in vivo studies [140, 146]. Notably, they can retain >95% of 

water in their structure, which recreates fluid-filled like tissues [142, 146]. 

 

The rest of this section will explore key aspects of 3D culture and discuss its 

relevance for T cell studies.  

 

Figure 1.11 Number of publications per year on the Ψо5 ŎǳƭǘǳǊŜΩ system. The graph is 

generated from PubMed based on the Ψо5 ŎǳƭǘǳǊŜΩ ƪŜȅǿƻǊŘΦ ¢he publication number is 

reported by year from 1938 ς 2023. The decline of publications in 2022 are attributed 

to COVID-19 pandemic effect on research [141]. 
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1.2.1. Distinction between 2D and 3D cell cultures 

2D culture is a commonly used method in various research studies. Due to its 

simplistic method and low costs, it makes the studies more affordable and 

achievable [142]. However, cells still lack the natural tissue environment that 

could effect their natural response. For example, one study explored HIV-1 

infected macrophage migration, where the virus-related protein Nef enhanced 

migration response in 3D culture but not in 2D culture [147]. 3D culture 

observations supported in vivo studies in mice, where HIV infected macrophages 

became migrating cells [147]. The distinctions between two culture systems are 

highlighted in Table 1.2, which summarises the overall effect on cells and 

technical aspects of the in vitro experiments. 

 

The clear differences between two in vitro cultures highlights the importance of 

improving 2D culture settings. However, in some scenarios 2D culture studies 

can provide constructive results reflecting some of the features found in the 

tissue environment. For example, studies on the immune cell-cell interaction like 

in lymph nodes could be studied in 2D culture. This is because the lymph node 

contains more of a cellular compartments of immune cells, which lack the 

interstitial ECM environment for the purpose to maintain cell-cell interactions to 

elicit an immune response (Fig. 1.12) [148, 149]. ECM of the lymph nodes appear 

in a reticular network form, which sheathed by the fibroblastic reticular cells 

(FRC), leaving a small patches of ECM exposed to the immune cells for adhesion 

and antigen sampling processes [150, 151]. However, 2D culture could be  
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Figure 1.12. ECM interaction with immune cells in lymph nodes and peripheral tissues.  

Lymph nodes contain the reticular networks, which create ŀ ΨŎŜƭƭǳƭŀǊ ŎƻƳǇŀǊǘƳŜƴǘǎΩ ŦƻǊ 

immune cells to interact with each other. Reticular fibers are surrounded by FRC which 

deposit ECM content within inner structure of the fiber. A small gaps between FRC 

allows immune cells to interact with ECM content. Whereas immune cells in the 

peripheral tissues are surrounded by the ECM network. Figure created by BioRender. 

 

replaced by large-porous scaffolds to replicate lymph nodesΩ 3D structure, which 

still support the cell-cell interactions [67]. The decision on culture type depends 

on the research question as to what extent 2D or 3D culture is required and 

feasible for the research; however, examples in Table 1.2 indicate clear 

advantages of using the 3D culture system.   
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Cell/material 
related 
characteristics 

2D culture 3D culture Example Ref. 

Cell 
morphology 

Cell 
morphology is 
different to cells 
found in tissues 

Retain the 
morphology  
like in tissue 
areas  

Dendritic cells (DC) in 2D culture 
formed long dendrites, whereas in 
collagen hydrogel cells appeared 
rounder with short protrusions. 

[139, 
152, 
153] 

Cell polarity Forced polarity 
and elongated 
cell shapes 

Cell polarity and 
shape 
maintained  

Macrophage with IL-4 in GelMa 
hydrogels polarised into more to M2 
type (induce wound healing) than 
cultured on 2D culture.* 

[153-
155] 

Cell 
differentiation 

Poor marker 
expression, 
limited 
differentiation 

Support cell 
differentiation 

Bone marrow cells in the collagen 
hydrogel differentiated to DC, 
expressing specific DC markers (e.g. 
CD11b, CD40, CD80) than in 2D culture. 

[139, 
155, 
156] 

Cell to cell 
interaction 

Direct cell-cell 
contact; 
unrealistic/enha
nced cell 
response 

Cell have 
controlled and 
limited 
response to 
other cells; set 
up the related 
complexity of 
cell-cell 
interactions 

CAR T cells (engineered cancer specific 
T cells) were cultured with ovarian 
cancer cells. Under 2D culture superb 
cytotoxic effects were detected; gelatin 
methacryloyl hydrogel in the 
microfluidic device showed poor 
cytotoxic effect. 

[155, 
157, 
158] 

Cell to matrix 
interaction 

Plates can be 
coated with 
ECM 
components 
but cell-ECM 
interaction is 
one sided  

Cells exposed 
to ECM 
components 
from all 
directions; 
mitigate cell 
realistic 
behaviour (i.e. 
migration, 
adhesion) 

T cellsΩ stimulation by DC in the 2D 
culture caused large proliferating 
clusters of T cells, due to prolonged 
interaction with one DC. In the 3D 
collagen matrix, T cells formed smaller 
proliferating aggregates and 
maintained short interactions with DC 
due to induced cell migration by 
collagen. T cells under 3D interact with 
multiple DC. 

[140, 
142, 
155, 
159] 

Gradient 
exposure to 
nutrients, 
oxygen, drugs, 
stimulus 

Cells are equally 
exposed to 
nutrients, 
oxygen, drugs; 
no molecular 
gradient 

Molecular 
gradient is 
present, 
unevenly affect 
cells 

Regions of hydrogel which had hypoxia 
(low oxygen) induced a higher T cell 
cytotoxic effect against ovarian cancer 
cells than normoxia (normal oxygen 
level) regions. 

[139, 
155, 
157] 

Adhesion and 
migration 

Cell migration is 
limited to xy 
directions; due 
to adhesion 
cells retained in 
one position; 
gravitational 
setting 

Migration 
induced to xyz 
directions 

Tumour specific T cells migrated across 
collagen and induced 25% killing of 
tumour cells. Whereas in 2D culture, T 
cells settled down to the bottom of 
plate due to gravity and induced 
complete killing of cancer cells.  

[140, 
155, 
160] 

Table 1.2. Differences between 2D and 3D cultures 
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Cell 
proliferation 

Due to high cell-
cell contact and 
encounter cell 
proliferation is 
rapid and 
enhanced 

Cell 
proliferation is 
lower due to 
reduced cell-
cell to 
encounter  

T cells proliferated less in alginate 
hydrogel than in 2D culture once they 
encountered APC. This is due to low cell 
encounter frequency; T cell 
proliferation was lower to DC in the 
collagen hydrogel  than in 2D, as T cell 
migration on collagen caused short 
lived interaction with DC. 

[139, 
155, 
159, 
161] 

Costs Inexpensive  Expensive, but 
in some 
scenarios could 
replace 
expensive 
animal models 
 

 [139, 
142, 
162] 

Availability of 
equipment and 
assays 

Wide range of 
assays and 
equipment 
available to 
analyse cell 
response 

Limited 
availability of 
kits and 
equipment to 
analyse 3D cell 
cultures 

 [162] 

Experiment set 
up and data 
analyses 

Less 
complicated 
experiment set 
up and data 
analyses 

Experiment 
readouts could 
be complicated, 
especially when 
study involves 
various factors 
(i.e. type of 
material and its 
properties 
influencing 
cells) 

 [158] 

Reproduction 
of in vivo 
environment 

Limited Tissue specific 
features could 
be included in 
studies, closer 
resemblance of 
in vivo 

Collagen scaffold-based3D cancer 
model increased cancer cell growth 
(tumour mass), invasion across the 
basement membrane (migration) and 
ǎǘǊǳŎǘǳǊŜΩǎ ǇŀŎƪŜŘ lumens with cancer 
cells.  Altogether replicated cancer 
architecture found in tissues. The 
model was used to study anti-tumour 
CAR T cell function.** 

[139, 
140, 
142, 
155, 
163] 

Stiffness Limited; 
commonly used 
tissue culture 
plates are rigid, 
reaching 
stiffness level to 
GPa  

Wide array of 
biomaterials 
are available to 
represent soft 
to hard/solid 
tissue 
environments 

T cell proliferation to APC was improved 
in porous alginate hydrogel with high 
stiffness level as opposed to soft; high 
collagen hydrogel density limits T cell 
proliferation response morethan low 
density.  

[142, 
155, 
161, 
164, 
165] 

*M2 ς macrophage type 2 (induce anti-inflammatory response); ** CAR T cell ς chimeric antigen 

receptor (CAwύ ¢ ŎŜƭƭǎΣ ƎŜƴŜǘƛŎŀƭƭȅ ŜƴƎƛƴŜŜǊŜŘ ǇŀǘƛŜƴǘΩǎ ¢ ŎŜƭƭǎ ǘƻ ŘŜƭƛǾŜǊ ŀƴǘƛ-tumour response. 

Table 1.2. Differences between 2D and 3D cultures (continue) 
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1.2.2. T cells and 3D cell culture 

The 3D T cell culture research area gained its popularity from late 2000, evident by an 

increased number of publications per year (Fig.  1.13). There is a clear interest from 

material science and T cell biology on improving current in vitro studies, but the number 

of publications is still low in comparison to other research areas (e.g. Fig. 1.11). A limited 

number of published studies challenges current researchers to understand T cell 

requirements in a 3D culture system. 

 

Figure 1.13 bǳƳōŜǊ ƻŦ ǇǳōƭƛŎŀǘƛƻƴǎ ǇŜǊ ȅŜŀǊ ƻƴ Ψо5 ŎǳƭǘǳǊŜΩ ŀƴŘ Ψ ¢ ŎŜƭƭǎΩ system. The 

ƎǊŀǇƘ ƛǎ ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ tǳōaŜŘ ōŀǎŜŘ ƻƴ Ψо5 ŎǳƭǘǳǊŜΩ ŀƴŘ Ψ¢ ŎŜƭƭǎΩ ƪŜȅǿƻǊŘǎΦ ¢ƘŜ 

publication number is reported by year from 1938 ς 2022. The decline of publications 

in 2022 is attributed to the COVID-19 pandemicΩǎ effect on research [141]. 

 

The majority of 3D culture studies begin by reflecting first to the tissue surroundings 

where T cells are commonly found [157, 160, 161, 164, 166-169]. For example, Mollica et 

al. (2021) studied the impact on T cell infiltration via the endothelial cell wall to target the 

pancreatic cancer cells [170]. The pancreatic tumour microenvironment contains stromal 

and fibroblast cells, which cause excessive ECM deposition, a tumour-associated 
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endothelial cells that create an anergic vasculature to limit T cell infiltration to the tumour 

site. In the microfluidic device, pancreatic cancer cells were encapsulated in the collagen 

hydrogels (abundant protein in ECM), surrounded by pancreatic stellate cells and 

endothelial cell wall. The data has shown T cells had greater migration towards cancer 

cells and stellate cells only in the absence of endothelial cell wall, rather than in presence 

of it [170]. It is clear that 3D pancreatic cancer models would be unfeasible under 2D 

culture settings because it could not provide 3D architecture, different cell compartments 

and might misrepresent cell morphology/polarity. The majority of T cell work occurs in 

the tissue surroundings, thus 2D culture studies underrepresent T cells and their 

functions. Specific tissue areas are reviewed in the following sections that explain how 

different environments affect T cell functions.  

1.2.3. Lymph node microenvironment 

[ȅƳǇƘ ƴƻŘŜǎ ŀǊŜ ƪƴƻǿƴ ŀǎ ΨōƛƻƭƻƎƛŎŀƭ ŦƛƭǘŜǊǎΩΣ ŀǎ ǘƘŜȅ Ƴŀƛƴƭȅ Ŏƻƴǘŀƛƴ ƛƳƳǳƴŜ 

cells checking the draining lymph fluid from the adjacent peripheral tissues for 

the incoming pathogens [171]. Lymph enters via afferent lymphatic vessel and 

goes through the conduit system crossing the superficial cortex, paracortex and 

medulla regions (Fig. 1.14) [150]. Each region contains distinctive populations of 

immune cells that increase the chance of detecting any incoming pathogen. [7, 

12, 171].  The paracortex region is the main site for T cells, where iDC or 

peripheral migrated mDC initiate the adaptive immune response. Lymph fluid is 

also screened by the iDC in the paracortex region, and if DC are activated, the 

mature DC will initiate T cell response [171]. 
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The paracortex region contains reticular meshwork and FRC [150, 151]. As reviewed by 

Willard-Mack (2006), the entire lymph node is made from the reticular meshwork, a 

sponge-like tissue composed off ECM (collagen type I, III and IV, elastin, entactin, 

fibronectin, laminin-1, tenascin, vitronectin, heparan sulphate) [171]. The ECM itself is 

ΨǿǊŀǇǇŜŘΩ ōȅ the FRC that maintain the ECM structure (Fig. 1.15) [150, 151]. FRCs show 

the features of the epithelial cells as well, as they elongate across the reticular fibres and 

Figure 1.14 Structure of the lymph node. Each different lymph node region is dedicated 

ǘƻ ǘƘŜ ǎǇŜŎƛŦƛŎ ǇƻǇǳƭŀǘƛƻƴ ƻŦ ƛƳƳǳƴŜ ŎŜƭƭǎΣ ǿƘƛŎƘ ŀǊŜ ŀǘǘǊŀŎǘŜŘ ōȅ ǘƘŜ ΨƘƻƳƛƴƎΩ 

chemokines. Cortex region is dedicated for B cell activation with assistance of FDC and 

MRC, paracortex for T cells and medullary sinus is mainly populated by macrophages. T 

cells enter lymph nodes via HEV to the paracortex region, and search for the cognate 

antigen presented by DCs. Upon antigen encounter, T cells undergo activation and 

remain in the lymph node for several days. In the absence of antigen, T cells re-enter 

the HEV system and circulate to the subsequent lymph node for the continuous antigen 

search. Keywords: HEV ς high endothelial venule; FDS ς follicular dendritic cells; MRC ς 

marginal reticular cells. Image obtained from Girard et al. (2012) [12] 
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form tight junctions between the cells. 90% of reticular meshwork is wrapped by FRC, 

leaving a small regions exposed to the immune cells [171]. The small regions are mainly 

occupied by APCs, sampling the lymph running through the conduit system (within 

reticular meshwork) for pathogens [150].  

 

T cell migration is mainly mediated via fibronectin and collagen IV expressed on the FRC 

cell membrane [7, 148, 171]. The same studies emphasise that T cells do not interact with 

ECM found in reticular network. One study have showed that activated T cells have 

increased expression of integrins on their surface, which mediate cell attachment to the 

ECM in tissues [172]. If ECM in lymph nodes are exposed to the activated T cells, this could 

Figure 1.15 Reticular meshwork and conduit system. Reticular meshwork is wrapped by 

the FRC, which maintain the ECM structure. Small gaps are mainly occupied by APC cells, 

such as DC, as they sample the running lymph through the conduit system and search 

for the antigen. Image obtained from Roozendaal et al. (2008) [7].  
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cause the prolonged localisation of cells and delayed immune response. T cell motility via 

paracortex area is also controlled by FRC secreted homing chemokines such as CCL19, 

CCL21, CXCL12 and lysophosphatidic acid (LPA) [173]. This cause naïve T cells (antigen-

inexperienced) to remain in the lymph node for nearly 8-12 hours only, until they migrate 

to the subsequent lymph node for the continuous antigen search [173, 174]. Once they 

encounter the antigen, T cells remain for 3-4 days for the stimulation and differentiation 

processes in the lymph node [175]. 

 

In addition, T cells enter and exit lymph nodes via high endothelial venules (HEVs), 

specialised blood vessels formed by high cuboidal shape endothelial cells, permitting 

lymphocyte transmigration across the vessel [171].  HEVs are only found in lymphoid 

tissues (except the spleen) where they express heparan sulphate which immobilise 

secreted chemokines (e.g. CCL21) to induce transmigration of T cells to lymph nodes [12, 

176]. Distinctive blood vessels and immobilised chemokines targeting only immune cells 

ensures T cell homing to the lymph nodes for the continuous search process. 

 

The lymph nodes are elastic organs, whereupon increased lymphocyte proliferation they 

increase their size to maintain the expanding cell population [148]. During a healthy state, 

lymph nodes are classified as soft tissues where the stiffness level ranges from 120 Pa  - 

1kPa [177, 178]. But during the disease state, lymph node stiffness increases, for example: 

metastatic breast cancer causes lymph nodes to reach 45.4 kPa, Kawasaki disease 12.2 

kPa, and bacterial infection 16.37kPa [178, 179]. This also affects T cell metabolic activity, 

as they express Yes-associated protein (YAP), a mechanosensor which feeds back to cells 

about the changing mechanical forces in the surroundings [180]. During inflammation, 
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lymph nodeǎΩ stiffness level increases whilst T cells undergo an activation process. But in 

the resolution process, the stiffness level decreases in the lymph node area which results 

in reduced mechanical forces on cells. Upon reduced mechanical force, YAP reduces 

NFAT activity, a TF responsible for activation and proliferation response in T cells [180]. 

This eventually brings the T cells to the senescence stage, as their response is not needed.   

 

One more specific feature of the lymph node for T cells is the narrow passages for cells to 

migrate in between the reticular meshwork. Kaldjian et al. (2001) indicates the reticular 

meshwork interspaces ranges between 5-20˃ m wide, which is enough for 2-3 T cells to 

pass [148]. It is possible that narrow passage of cells is structured to increase the cell-cell 

interaction, especially with APCs bearing the cognate antigen. One study mentioned that 

one APC will interact with 500-5000 T cells per 1 hour in the lymph node, which ensures 

that upon frequent cell-cell interactions an immediate immune response is induced when 

it is needed [175].  

 

Overall, lymph node structure provides T cells with a cellular rather than matrix 

microenvironment. The organ itself is organised to provide an immediate and efficient T 

cell response by limiting contact with ECM and induce frequent encounters amongst the 

local cells.  

1.2.4. Inflammatory tissue microenvironment 

T cells enter the peripheral tissue site once there is inflammation caused by 

pathogen or danger-related stimuli. These cells, as mentioned before, have to 

be activated first to change their naïve phenotype to enter the peripheral tissues 
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[44]. Naïve T cells are not equipped to deal with peripheral tissues due to the 

lack of active adhesion molecules suitable for ECM [172]. They express adhesion 

molecules (e.g. CD62L) to maintain their circulation through the lymphoid 

system and search for the cognate antigen [76]. This means that inflammatory 

tissue areas are mainly dealt with by antigen-activated or memory T cells, since 

they are equipped with adhesion receptors to maintain their location and 

function in the peripheral tissues. 

 

Peripheral tissues contain two types of ECM, known as the interstitial matrix and 

basement membrane [181] . Basement membrane is a compact matrix mainly 

made off the collagen IV, laminins, heparan sulphate proteoglycan, perlecan and 

small proteins like nidogen and entactin [181-183]. The ECM itself is highly 

crosslinked with glycoproteins and densely packed with protein fibres, which 

altogether serve as the boundary between different types of tissues [182, 184]. 

The interstitial matrix is a more loose, fibrous network composed from collagen 

I, III and V and fibronectin, which provides scaffold and strength for the 

peripheral tissues [182]. It also contains the chondroitin-, dermatan, keratan 

sulphates and hyaluronic acid (HA), all together identified as glycosaminoglycans 

(GAGs). The basement membrane controls extravasation of the immune cells 

from the blood vessel to the tissuesΩ matrix,  whereas the interstitial matrix 

permits cell migration across the ǘƛǎǎǳŜǎΩ areas [182]. Chemokines and cytokines 

released by endothelial and inflammatory cells direct T cell adhesion to the 

endothelium and intraluminal crawling until they find the permeable site to 

mediate transendothelial migration [185]. 
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During the inflammation process, one of the key transitional moments in the 

interstitial matrix is ECM degradation (Fig. 1.16) [3, 182, 184]. It is induced by 

released proteases such as metalloproteinases (MMPs) that degrade all ECM 

proteins [181]. This facilitates leukocyte infiltration, especially for T cells, to the 

inflamed tissue areas where loose ECM networks provide wider gaps for 

incoming cells [182]. However, T cells can migrate through the matrix in the 

absence of proteolytic enzymes by using amoeboid-type movement, known for 

its low-affinity migration, independence of ̡1 integrins and induced ŎŜƭƭΩǎ actin 

cytoskeleton reorganisation [186]. Nevertheless, this movement can be 

restricted by dense tissue matrices, limiting T cell migration because of the 

smaller matrix gaps [182, 186]. This could be attributed to the expressed lamin-

A protein, responsible for the nucleuǎΩǎ ǎǘǊǳŎǘǳǊŀƭ protection in cells [187]. Only 

activated T cells express this protein, thus limiting ŎŜƭƭǎΩ ƳƛƎǊŀǘƛƻƴ ǘƘǊƻǳƎƘ ǘƘŜ 

dense ECM to prevent nucleus deformability and rupture [148, 164, 187]. In this 

circumstance, ECM degradation is compulsory for T cell infiltration to the 

inflammation site.  

 

Upon ECM degradation, there are various ECM derivatives released to promote pro-

inflammatory response [182]. Damaged interstitial matrix by pathogens or mechanical 

trauma, causes the release of molecules such as tenascin C (mainly occurring in synovial 

fluid and cartilage), biglycan, heparan sulphate and low-molecular weight hyaluronan ς 
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Figure 1.16 Cellular and matrix composition in normal, inflamed and tumour tissues. In the normal tissue, there is a healthy balance between cells and matrix 

components which produce a microenvironment with less mechanical tension and stress. During inflammation, damaged tissue area release the ECM fragments 

ǿƘƛŎƘ ŀŎǘ ŀǎ ΨŘŀƴƎŜǊΩ ǎƛƎƴŀƭǎ ŦƻǊ ǘƘŜ ƛƴŦƭŀƳƳŀǘƻǊȅ ŎŜƭƭǎΦ ¢Ƙƛǎ ŀƭǎƻ ŎŀǳǎŜǎ ǘƘŜ ƭƻŎŀƭ ŎŜƭƭǎ ǘƻ ǎŜŎǊŜǘŜ ǘƘŜ ŎƘŜƳƻƪƛƴŜǎΣ Ŏȅǘƻƪƛƴes and growth factors which mediate 

the immune response and tissue repair processes. Towards resolution, acǘƛǾŀǘŜŘ ŦƛōǊƻōƭŀǎǘǎ ŘŜǇƻǎƛǘ 9/a ǘƻ ǊŜǎǘƻǊŜ ǘƛǎǎǳŜΩǎ ǎǘǊǳŎǘǳǊŜΦ Lƴ ǘƘŜ ǘǳƳƻǳǊ 

microenvironment, there is high disorganization of matrix and cellular components which result in excessive ECM deposition and amount of secreted molecules. 

The abnormal cancer cells growth, recruitment of immunosuppressive cells and activation of fibroblasts leads to more rigid and stiff tissue structures [3, 4]. 

Figure created with BioRender.com. 
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all known as extracellular DAMPs [28, 182]. Hyaluronan is a great example of how T cellsΩ 

activity is mediated by this abundant GAG molecule found in all tissues [188]. It interacts 

with T cells via CD44 adhesion receptor, and depending on its molecular weight, it can 

induce pro- or anti-inflammatory responses [182, 188]. For example, high molecular 

weight hyaluronan is found in the healthy tissues, mainly promoting T regulatory cell 

activity to maintain local immunotolerance response [189]. But upon tissue damage, 

hyaluronan fragments (low molecular weight) will promote effector T cell activity by 

supporting their migration and survival during the inflammatoryresponse [182, 188, 190].  

 

The ECM also manipulates the concentration gradient of molecules, which attract, 

localise and support T cells at the inflammation site [184]. One of the key players are 

heparan sulphate; another GAG molecule but with a strong negative charge that 

sequesters secreted chemokines, cytokines and growth factors in the matrix [191]. 

Heparan sulphate is known to sequester released IL-7 and IFNɹ cytokines, which are 

important to maintain T cell survival and pro-inflammatory response, respectively [6, 

192]. Without heparan sulphate cytokines would undergo proteolysis eventually limiting 

the effect on cells [191]. It also binds to the chemokines (e.g. CXCL12, CCL21, CCL19), 

which are present in the blood vessels and interstitial matrix, to mediate T cell chemotaxis 

[191]. The established chemokine gradient by heparan sulphate directs T cells to the 

specific site where an immune response is needed. 

 

Another difference between inflamed and healthy tissue is an increased ǘƛǎǎǳŜΩǎ stiffness 

level  (Fig. 1.16) [184]. Various healthy tissues retain specific stiffness levels - e.g. soft 

tissues such as brain (1-3 kPa) and liver (2kPa), and stiff tissues such as bone (10.4-20.7 
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GPa), and cartilage (5.7-6.2 MPa) [193]. But during the inflammatory response, the 

stiffness level increases due to increased ECM deposition such as collagen, elastin and 

hyaluronic acid [184, 194]. Collagen is one of the key modulators of the tissuesΩ stiffness, 

whereupon increased secretion by fibroblasts and cross-linking by lysyl oxidase enzymes 

(LOX) alters the stiffness level [184, 195]. Enhanced collagen deposition and cross-linking 

also affects tissue porosity, which in some scenarios (i.e. fibrosis) can prevent cell 

migration. This was clearly demonstrated in research by Kuczek et al. (2019), where 

increased collagen density limited gradual T cell infiltration through the collagen hydrogel 

[164]. Upon enhanced ECM deposition it also shapes the ECM topography, where cell 

orientation and migration are diverted by the microenvironment [195]. For example, 

aligned collagen fibres induce faster, directional, and persistent T cell migration when 

compared to an unaligned collagen network [196].  

 

Furthermore, ECM composition is different amongst tissues and T cells are exposed to 

various microenvironments during the immune response. Several examples of distinctive 

tissues are: synovial fluids which contain large hyaluronic acid contents to provide a 

lubricant effect; brain ECM is largely composed of GAGs to possibly mitigate neuron 

synapse plasticity; lungs contain large fibrous protein content (i.e. collagen and elastin) to 

maintain elasticity of tissue; liver lobule has no basement membrane to permit efficient 

macromolecule exchange between plasma and hepatocytes [197-201]. Since 

inflammation could occur anywhere due to physical trauma (i.e. ΨǎǘŜǊƛƭŜΩ ƛƴŦƭŀƳƳŀǘƛƻƴύ ƻǊ 

infection, T cell function will be needed to restore a healthy tissue environment.



54 
 

1.2.6. Tumour microenvironment (TME) 

Tumour is defined as an abnormal tissue growth, where uncontrollable cellsΩ 

division affects the normal tissueǎΩ structure and function [202]. T cells have 

shown ability to infiltrate the neoplastic tissues and selectively induce cytotoxic 

response to cancer cells [14, 203, 204]. In some scenarios T cell-based 

immunotherapy is deemed to be successful, especially against blood type 

cancers (i.e. leukaemia) [204, 205]. However, various developed therapies 

against solid tumours appeared to be challenging for T cells [205, 206]. The main 

reason for this challenge is the hostile TME; due to its unique mechanical, 

biochemical, and cellular environment it suppresses anti-tumour T cell response 

(Fig. 1.16) [207-209]. 

 

One of the challenges for T cells is increased stiffness level in the TME. It can 

begin from the persistent inflammation, where ongoing processes without 

resolution continuously synthesise ECM components in tumours [181, 210].  

Cancer cells themselves could release stimulating factors to active fibroblasts 

(also known as cancer associated fibroblasts, CAFs) to induce ECM deposition 

[210, 211]. Northey et al. (2020) clearly showed that an increased stiffness level 

of breast cancer was a result from the excessive deposition of collagen type I 

protein [212].  Collagen fibrils were reported to be dense and linear in the tissues 

with elevated crosslinking, which eventually reduced tumour-suppressor miR-

203 and increased oncogene ZNF217 expression in the epithelial cells [212]. 

Other studies reported similar results, where increased stroma stiffness 

promoted cancer, for example: colorectal cancer, pancreatic cancer, gastric 
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cancer, oral squamous cell carcinoma [213-216]. From a T cell perspective, high 

collagen crosslinking inhibits T cell migration to the tumour islets. One study 

inhibited collagen crosslinking, which reduced tumour stiffness level and 

permitted T cell infiltration [217]. It is clear that increased stiffness level of the 

tumour is a problem for effective T cell function.  

 

Furthermore, a well-known cancer-related feature is hypoxia (low oxygen level); 

it negatively affects anti-tumour T cell function [209, 218]. Hypoxia occurs in 

nearly all solid tumours where poor oxygen supply by vasculature results in less 

than 2% of oxygen in TME [218]. Cancer cells adapt themselves with other 

pathways to sustain their energy e.g. increase glucose transporter expression, 

glycolysis process and/or promote angiogenesis [210]. Hypoxia related 

microenvironment downregulates MHC-Class I expression on cells, which limits 

T cell ability to recognise cancer cells [219]. In addition, Scharping et al. (2021) 

indicated poor T cells stimulation under hypoxic conditions left them as more 

exhausted and dysfunctional cells [220].  

 

Another challenge for T cells is the recruited immunosuppressive cells in TME 

[207].  Tumour cells secrete various chemokines, cytokines and growth factors 

which recruit immune cells to promote ǘǳƳƻǳǊΩǎ tolerance and progression  

[207]. Various immunosuppressive cells have different roles and functions in 

TME (summarised in Table. 1.3), and they are commonly associated with poor 

prognosis in cancer patients. In addition, tumour associated macrophages 

(TAMs) promote CAFs activity, which coulŘ ŦǳǊǘƘŜǊ ǊŜƳƻŘŜƭ ǘǳƳƻǳǊΩǎ 9/a [221, 
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222]. Overall, anti-tumour T cells are dealing with a dynamic tissue 

microenvironment, which are constantly challenged by various tumour 

associated factors.
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Immunosuppressive cell 
 

Function Cancer Ref. 

T regulatory cells - Recruited by cancer cells secreting chemokine CCL22, CCL28 
- Suppress tumour-antigen presentation for effector T cells 
- Secrete immunosuppressive cytokines IL-10, IL-35, TGF-̡ Τ  
- Increased consumption of IL-2, which is also important for activated effector T cell 

survival 

Poor prognosis: head and 
neck, gastric, 
oesophageal, pancreatic, 
liver, breast, lung, renal, 
prostate, ovarian cancer 
Good prognosis: 
colorectal cancer 

[207, 223] 

 

Myeloid derived suppressor 
cells (MDSC) 

- Recruited by cancer cells secreting chemokines (e.g. CCL2, CXCL12, CXCL5) 
- Produce ARG1 which depletes arginine in environment, important for T cell function 
- Induce nitric oxide (NO) synthesis and reactive oxygen species (ROS), which impair T cells 

function, induce apoptosis 

Poor prognosis: 
melanoma, colorectal, 
breast, bladder, thyroid 
and non-small cell lung 
cancer (NSCLC) 

[207, 224] 
 

Tumour associated 
macrophages (TAMs) 

- Recruited to tumour sites by cancer cells secreting chemokines (e.g. CCL2, CCL8), growth 
factors (VEGF, PDGF) and cytokines (TGF-̡ мΣ Da-CSF) 

- Pro-inflammatory TAMs promote angiogenesis by secreting VEGF-A and PDGF for 
tumour environment; enhance invasion and metastasis of cancer cells 

- Anti-inflammatory TAMs impair CD8+ cytotoxic T cell activity against cancer; secrete 
suppressive cytokines IL-10, TGF-̡ Τ ŜȄǇǊŜǎǎ PD-L1 and PD-L2, negative co-stimulatory 
molecule inhibiting effector T cells function 

Good prognosis: 
colorectal, stomach, skin 
cancer 
 
Poor prognosis: breast, 
prostate, ovarian, cervical 
cancer  

[207] 

Tolerogenic dendritic cells 
(Tol-DC, also known as 
regulatory DC) 

- Cancer cells secreting IL-10, TGF-̡ Σ ±9DCΣ tD9н ƛƴŘǳŎŜ 5/ ǘƻ ǘǊŀƴǎŦŜǊ ǘƻ ǘƻƭŜǊƻƎŜƴƛŎ ǎǘŀǘŜ 
- Tolerogenic DC downregulates MHC, co-stimulatory molecules (i.e. CD86, CD80, LFA-1), 

cytokines (e.g. IL-12, TNF-h ύ ǿƘƛŎƘ ƛƳǇŀƛǊǎ ŦǳǊǘƘŜǊ ¢ ŎŜƭƭ ŀŎǘƛǾŀǘƛƻƴΤ 

Poor prognosis: lung, 
colorectal, breast, ovarian 
(murine) cancer 

[225-227] 
 

B regulatory cells (Breg) - Promote CD4+ T cell differentiation to Tregs (express Foxp3+ transcription factor) by 
secreted TGF-̡  ŎȅǘƻƪƛƴŜΤ ǎŜŎǊŜǘŜ ƛƳƳǳƴƻǎǳǇǇǊŜǎǎƛǾŜ ŎȅǘƻƪƛƴŜǎ L[-10, IL-35, IL-17, TGF-̡  
and express negative co-stimulatory molecules (e.g.  PD-L1) to inhibit t cell activity); 
release of Granzyme B, cytotoxic molecule to hampering down effector T cells work 

Poor prognosis: lung, 
colorectal, breast, 
hepatocellular carcinoma, 
tongue squamous cell 
carcinoma, gastric cancer 

[225, 228] 
 

Table 1.3. Function of immunosuppressive cells in TME 
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1.2.7. Mechanobiology of T cells 

Previously given examples on changing tissue microenvironment gave an insight on how 

mechanical forces (i.e. tissue stiffness) influences T cellΩs function. The external forces of 

tissues such as tension, compression, shear stress, interstitial flow, stiffness (rigidity) 

influence the matrix architecture and modulate the specific cell response (Fig. 1.17) [229, 

230]. The mechanical forces effect on cells is processed by their biochemical cues, known 

as mechanotransductors [2].  

 

YAP is a mechanosensor that is important during the T cell activation process [2]. Meng 

et al. (2020) study looked into YAP activity in T cells durƛƴƎ ǘƛǎǎǳŜΩǎ ǎǘƛŦŦƴŜǎǎ ŎƘŀƴƎŜ [180]. 

Upon increased matrix stiffness (i.e. inflammation, tumour) YAP in the cytoplasm releases 

the NFAT transcription factor fromthe IQGAP1 binding complex found near the plasma 

membrane. NFAT translocates to the nucleus and induces T cell activation and metabolic 

programming. This activates mTORC1 pathway, glycolysis, mitochondrial respiration, and 

amino acid uptake to support T cell transition from the quiescent to active state [180]. In 

soft tissues (i.e. resolved inflammation) YAP will stabilise the interaction between NFAT1-

IQGAP1 and attenuate T cell response [2].  

 

T cells also sense the changing microenvironment by integrins, a transmembrane 

ƘŜǘŜǊƻŘƛƳŜǊƛŎ ǇǊƻǘŜƛƴ ŎƻƳǇƻǎŜŘ ƻŦ ʰ ŀƴŘ ʲ ǎǳōǳƴƛǘǎ [2]. Upon activation, integrins 

adhesion is enhanced to extracellular ligands found on cells or ECM environment [172]. 

On the intracellular side, integrin interaction with cytoskeleton is enhanced by talin and 

ǾƛƴŎǳƭƛƴ ǇǊƻǘŜƛƴǎΣ ŀƭǎƻ ƪƴƻǿƴ ŀǎ ΨŎƭǳǘŎƘΩ ǇǊƻǘŜƛƴǎ ǿƘƛŎƘ ǘǊŀƴǎƭŀǘŜǎ ƳŜŎƘŀƴƛŎŀƭ ŎǳŜǎ ŦǊƻƳ 
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the ECM-integrin binding to force-generating cytoskeleton [231, 232]. On the stiffer 

substrates, integrin binding to ECM ligands generates a higher force which exposes talinΩǎ 

regions for vinculin binding and recruits cytoskeleton components [231]. In contrast, on 

the softer substrate the low force fails the vinculin recruitment, and the formed bond 

between ligand and integrin breaks [231]. From a T cell perspective, this type of adhesion 

occurs to immobilise T cells on endothelial cells before mediating their extravasation from 

the blood vessel to the tissue matrix [232]. Also, this could explain enhanced T cell motility 

on the stiffer substrates (i.e. tumours) than soft ones, thus resulting in faster and more 

persistent migrations [196, 232].  

 

There are limits on T cell migration through the stiffer tissue areas, especially those with 

a dense meshwork [232]. This is down to the lamin-A that composes nuclear membrane 

and LINC - a linker between nucleoskeleton and cytoskeleton [2]. Cytoskeleton 

arrangement via integrin affects nucleus shape and size to mediate cell migration and 

adhesion response. Lamin-A is upregulated during T cell activation and causes nuclei 

stability by preventing deformation during the migration process [233]. It also limits T cell 

migration through the dense matrix meshwork to prevent nuclear rupture, and allow cell 

migration through the tissue pores ranging from 5-40µm size [234]. Lamin-a and nuclear 

stability is important for long-lasting T memory cells [234]. 

 

Overall, this gives an insight on T cellsΩ ability to sense the mechanical cues found in the 

tissue environments. It is also suggested that mechanical forces are recognised as 

ΨŘŀƴƎŜǊΩ signals to elicit T cells response [2].
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Figure 1.17 Mechanical properties 

and tissue stiffness level. Immune 

cells experience various mechanical 

forces found in tissues. They could 

arise from the blood/lymph flow 

(i.e. shear stress), cardiac tissue 

contractility or interstitial matrix 

(i.e. tension and compression). 

Immune cells are exposed to 

various stiffness levels (measured 

as storage modulus, kPa), which are 

different amongst the healthy 

tissue areas (white label). During 

the disease state (red label) the 

stiffness level changes significantly 

and differ from the normal tissue. 

Image is obtained from Du et al. 

(2022) [2]. 
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1.2.8 Animal models versus 3D culture 

In vivo studies are common in academic and industrial research where multicellular 

system and tissue microenvironment effects are accounted for in cells. However, 

translational studies (from animal to humans) have success rates below 50% which is 

problematic for clinical trial studies [235]. 

 

Mice are commonly used as animal models due their basic and translatable immunology 

to humans [236]. Nevertheless, they could also be genetically engineered to make 

humanised tissues that give a greater translation to the human studies (e.g. mice 

expressing human HLA type on cells) [237, 238]. However, as Mestas and Hughes (2004) 

reviewed, they indicated differences between mouse and human immunology, such as: 

80% of human T cells express CD28 where in mouse is 100%; IL-10 is secreted by human 

Th1 and Th2, whereas Th2 only in mouse; and some  chemokines (i.e. CXCL11) are absent 

in mice but not in humans [239]. The major disadvantage is the poor human disease 

presentation, where mice either demonstrate different disease characteristics or do not 

develop them at all [237, 240]. For example, Mycobacterium tuberculosis in mice do not 

show infection latency and highly organised granulomas as found in humans 

[236]. Even though mice and humans share >90 % of genes, the difference of 

pathogen exposure (greater in humans) and inbred mice (poor genetic 

heterogeneity compared to humans) limit translational studies [236, 237]. Other 

animal models can compensate for the limitations to mouse studies e.g. cows 

are a great model for human tuberculosis disease and non-human primates can 

help to study viral infections [241, 242]. Yet large animal models are associated 
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with increased costs and longer gestation periods, limiting the number of 

experimental studies [241]. 

 

Some research questions could be answered by a 3D culture system, without 

using animal models (summary of study examples in Table 1.4). However, 3D 

culture systems could not replicate all tissue complexities and whole organism 

interactions that makes animal models still valuable for research.  
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Tissue model 
 

3D culture  Aim and results Ref. 

Endothelial 
vessel and 
tumour model 

Microfluidic device contains 
separate chambers recreating 
blood vessel with formed 
endothelial cell wall and 
adjacent chamber with 
Matrigel (ECM) embedding 
cancer cells 

- Analyses of T cells transendothelial migration across the endothelial cell wall under the influence of 
CXCL12 chemokine gradient and melanoma cancer cells (A375) 

- Stimulated T cells migrated more across endothelial cell wall in presence of CXCL12 than unstimulated 
cells 

- Mimicked inflammatory conditions by using TNF-h  ǿƘƛŎƘ ƛƴŘǳŎŜŘ ǳƴǎǘƛƳǳƭŀǘŜŘ ¢ ŎŜƭƭ ǘǊŀƴǎŜƴŘƻǘƘŜƭƛŀƭ 
migration (in presence of CXCL12) 

- In presence of A375 cancer cells it induced T cell migration no matter their stimulation status 

[168] 

Tumour models 
with different 
grades of 
invasiveness 

Decellularized porcine jejunum 
(SISmuc scaffold) with tubing 
system circulating media 
through it 

- Scaffold were seeded with non-small cell lung cancer (A549) and triple negative cancer cells (MDA-MB-
231) and tested ROR1-specific CAR T cells antitumour effect 

- Both cancer cells produced tumour masses in scaffold and expressed ROR1 antigen 
- ROR1 CAR T cells infiltrated tumour masses and induced cytotoxic effects. Proving capability of 

genetically engineered T cell antitumour effect in comparison to control T cells  

[163] 

Brain ECM  Collagen I matrix were 
functionalised with 
poly(styrene-alt-maleic 
anhydride) and modified with 
hyaluronic acid  and chondroitin 
sulphate 

- Analyse T cell and microglia interaction in brain ECM environment 
- 3D model supported viability, cell-cell interaction (improved T cell viability in presence of microglia, 

rather than absence) and permit cell infiltration as found in actual brain ECM 
 

[166] 

Breast cancer 
model 

Collagen type I hydrogel with 
different density  

- Analyses of immunosuppressive activity on T cells (primary and Jurkats) by cancer associated fibroblasts 
(NIH/3T-3 and MRC-5) under influence of breast cancer cells (MDA-MB-231) 

- In the presence of breast cancer cell supernatant, fibroblast in collagen hydrogel induced ECM 
deposition and aligned collagen. This reduced T cell activity, evident by reduced IL-2 cytokine secretion.  

[167] 

Psoriatic skin 
model 

Collagen type I hydrogel - The hydrogel contains embedded fibroblasts with keratinocytes seeded on top and T cells were 
allocated to the bottom of the gel. Cells were isolated from human donors with psoriasis, and the 
established 3D model were used for drug screening 

- T cells were polarised into Th1/Th17 type or psoriasis patient derived T cells induced psoriatic 
epidermal phenotype in 3D model (caused thick epidermis formation).  

- Addition of psoriasis treatment (hydrocortisone or anti-IL-17a) reduced T cell infiltration and psoriasis 
development in 3D model 

[169] 

Table 1.4 3D culture studies replicating disease/healthy tissue models 
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1.3. Biomaterials 

The original definition of biomaterial is as described: the material used for the 

medical devices to repair or replace the damaged tissues caused by the disease 

or inflicted trauma [243]. However, over the decades the biomaterial field has 

significantly grown and changed to the point where its potential use is 

recognised in various fields, such as: diagnostic device, in vitro drug screening 

and toxicity studies, in vitro tissue models and clinical implants [244-247]. 

 

Biomaterials were tested to mediate specific T cell responses for the 

therapeutic, manufacturing or creating in vitro tissue models for the research 

purposes. Stephan et al. (2015) created a clinical implant from the alginate 

scaffold with collagen-mimicking peptides to deliver anti-tumour T cells to 

inoperable or tumour resected sites [248]. Research by Luo et al. (2017) created 

hydrogels from D-Tetra-peptide acting as a vaccine adjuvant [249]. Together 

with the relevant antigens, the peptide hydrogel induced cell-mediated (T cells) 

and humoral (B-cells) mediated anti-tumour responses. Griffin et al. (2021) used 

the microgel derived hydrogels, where upon in vivo degradation the material 

induced skin regeneration by recruiting Th1, Th2 and myeloid cells [250]. The 

biomaterial field also tackles another common problem in T cell-based 

therapies: poor scalability of tumour-reactive T cells for the adoptive cell therapy 

(ACT) [251]. ACT is used to enlarge tumour specific T cell population to obtain 

enough cells before injection to the cancer patients [252]. However, the 

methods suffer from the poor number and quality of therapeutic T cells [252]. 

Lin et al. (2018) designed a tubule system with alginate hydrogels to expand anti-
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tumour T cells, and achieved a high yield of viable and functional cells [253]. The 

biomaterialǎΩ use and its significance is recognised in the T cell related fields, and 

the research will continue to grow due to their availability and novelty. The rest 

of this section will review currently used biomaterials, considering their specific 

characteristics and properties in research. 

1.3.1. Type of biomaterials 

The choice of the biomaterial depends on the research aim and purpose, as they 

have a distinctive properties enabling them to fulfil specific applications. In 3D 

culture, polymer biomaterials are commonly used due to their biocompatibility 

and ability to provide tissue specific features [254]. From a 3D culture 

perspective, different types of polymers are available with defined macroscale 

(size and shape), microscale (porosity, network density) and nanoscale (stiffness, 

ECM components) features for the cell culture [255]. 

Biomaterials could be composed from the synthetic or natural polymers, or even 

a mixture of both [254]. Nikolova and Chavali (2019) reviewed the advantages 

and disadvantages of natural and synthetic biomaterials in 3D culture [255]. In 

brief, the natural polymers are derived from living matter that provides good 

biocompatibility, low toxicity and suitable biochemical cues (i.e. adhesion 

motifs) to support basic cellsΩ ŦǳƴŎǘƛƻƴǎΦ 5ǳŜ ǘƻ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ƻǊƛƎƛƴǎΣ ƛǘ ƛǎ Ƴore 

biodegradable than synthetic polymers, where it can induce immunogenicity 

and vary batch to batch. Alternatively, synthetic polymers are more 

reproducible, due to the easier production process and more control on batch 

variability. As a material they are versatile, they have tunable properties and 
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good workability. Alas, they are less biocompatible, requiring a functionalisation 

process to provide cell supporting motifs [255]. Depending on the type of 

material, some crosslinking (a bond connecting one polymer to the other) could 

involve toxic methods and affect cell viability [254-256]. Crosslinking is the key 

process of the biomaterial formation, which provides the final 3D structure. 

From the hydrogel perspective, crosslinking is important to interconnect 

polymers, followed by a complete gel formation (gelation) [257]. Crosslinking 

could control materialΩs density, where the number of crosslinking will regulate 

ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ǎwelling (e.g. high crosslinking results in low swelling) [255]. Hu et 

al. (2019) provide an in depth summary on two main forms of crosslinking, 

described as physical and chemical crosslinking [258]. In the review, they 

describe physical interactions which depend on ionic/electrostatic interaction, 

hydrogen bonds, hydrophobic/hydrophƛƭƛŎ ƛƴǘŜǊŀŎǘƛƻƴΣ ˉ-ˉ ǎǘŀŎƪƛƴƎ etc. which 

have no cytotoxic effect on cells; however, it is susceptible to the external factors 

ǘƘŀǘ ŎƻǳƭŘ ōǊŜŀƪ ǘƘŜ ǇƻƭȅƳŜǊ ōƻƴŘǎ ŀƴŘ ŀŦŦŜŎǘ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ǎǘŀōƛƭƛǘȅ [258]. In 

this case, chemical crosslinking (mainly relies on covalent bonding) could 

overcome these issues by forming polymer bonds with strong and permanent 

network, enhanciƴƎ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ǎǘŀōƛƭƛǘȅ ŀƴŘ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎΦ /ƘŜƳƛŎŀƭ 

crosslinking could involve enzymes, free radical polymerization, Diels-Alder 

άŎƭƛŎƪέ ǊŜŀŎǘƛƻƴ or a Michael-type addition [258]. The only downside of chemical 

crosslinking is potential cytotoxicity due to unreacted crosslinking residues as 

mentioned above [258]. Overall Table 1.5 reviews different types of 

biomaterials, their associated properties and use for 3D culture studies. 
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Material Crosslinking aŀǘŜǊƛŀƭΩǎ ǇǊƻǇŜǊǘƛŜǎ Use Ref. 

 Natural biomaterials  

Collagen Physical: induced by 
amino and carboxyl 
telopeptides on 
collagen chains 

Covalent: induced by 
enzyme 
transglutaminase; UV 
photo-crosslinking 

- Fibrous protein with a long, stiff, triple-stranded 
helical structure 

- In vivo: mechanical support for tissues, act as 
Template for cell distribution, capillary formation 

- tǊƻŘǳŎŜ ΨǇƻǊƻǳǎΩ ǎŎŀŦŦƻƭŘǎ ōȅ ŦǊŜŜȊŜ-drying method 
- Can be processed into various forms: cross-linked 

films, meshes, fibres, sponges 
- Biodegradable, biocompatible  
- Contains adhesion motifs promoting cell adhesion, 

spreading, migration 

- Scaffold for tumour model e.g. breast cancer cells 
form tube-like structures as in tissues; enrich 
colorectal cancer stem-cells 

- Cultured cancer cells tested for drug resistance 
which was unnoticed in 2D culture 

- Scaffold used for cartilage, bone, drug delivery 
system, nerve regeneration 

- Analysed collagen type I density effect on T cell 
function 

[164, 254, 
259-262] 
 

Chitosan Physical: ionic bond  

Covalent: 
glutaraldehyde to 
ƛƴŎǊŜŀǎŜ ƳŀǘŜǊƛŀƭΩǎ 
strength 

- Derived from chitin of exoskeleton from crustaceans 
and insects 

- Natural polysaccharide 
- Prone to enzymatic digestion e.g. chitosanase, 

lysozyme 
- Adjustable porosity and geometry for cell culture 
- Biocompatible 
- Low mechanical properties, which can be improved 

by covalent crosslinking 

- Scaffold was used to analyse hepatocyte cells and 
analyse their metabolic activity 

- Tissue engineering field of orthopaedics 
- Hydrogel used as a delivery system of encapsulated 

T cells to promote anti-tumour response  

[254, 261, 
263] 
 

Table 1.5 Natural and synthetic biomaterial polymers, crosslinking, and their properties 
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Hyaluronan 
(Hyaluronic 
acid) 

Physical: hydrogen 
bonding, ionic, 
hydrophobic 
interactions 

Covalent: boronic 
ester and Schiff-base 
formation, click 
chemistry i.e. thiol 
chemistry, azide-
alkyne, Diel Alder 
cycloaddition 

- Glycosaminoglycan, produced from repeating 
disaccharide units of N-acetylglucosamine and 
glucuronic acid 

- Bind high amounts of water, form hydrogen bonds 
with solvent 

- Biocompatible 
- Physical hydrogels demonstrate self-healing 

properties, but low mechanical properties 
- Covalent hydrogel provides more stability for the 

material 
- Depending on the molecular weight in establishes 

pro- or anti-inflammatory response 
- Highly biodegradable by hydrolysis at ester linkages 

and hyaluronidinase enzyme 
- Interacts with cell receptors, but lacks cell adhesion 

motifs 

- Scaffolds used for chondrocyte, bone, skin tissue 
regeneration 

- High molecular hyaluronic acid hydrogels promote 
infiltration of Tregs during dental extraction wound 
healing process 

[146, 259, 
261, 264, 
265] 

Agarose Physical: hydrogen 
bonds 

Covalent: contains 
methacrylate side 
groups and induce 
crosslinking after UV-
irradiation 

- Polysaccharide produced from algae 
- Contains high amount of hydroxyl groups, soluble in 

water 
- Degradable by agarases enzymes 
- Strength and permeability of scaffold depends on 

agarose concentration 
- Share similar features as alginate 

- Support chondrocytes, neural tissue regeneration, 
cardiac bioengineering, stem cell 

[254, 258, 
259, 266] 
 

Table 1.5 Natural and synthetic biomaterial polymers, crosslinking, and their properties (continue) 
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Alginate Gelation induced in 
presence of calcium 
ions 

- Polysaccharide found in cell walls of brown algae 
- Highly soluble in water 
- Provide porous scaffold 
- Physical and mechanical properties depend on chain 

length and guluronate blocks, and crosslinking 
- Biocompatible, low toxicity 
- Produce microspheres, sponges, foams, fibres, 

hydrogels 
- No intrinsic cell binding motifs, requires 

functionalisation (e.g. RGD) to promote cell 
attachment 

- Poor degradability  
 

- Cultured hepatocytes and analysed cell functionality 
(albumin secretion) 

- Supported growth of breast cancer cells and studies 
on drug resistance  

- Hydrogel with encapsulated T cells promote their 
memory phenotype, which prolong activity of anti-
tumour specific cells 

[254, 256, 
259, 261, 
267] 

Matrigel Physical: ionic 
interactions,  

Chemical: 
glutaraldehyde, 
enzymatic 

- Derived from Engelbreth-Holm Swarm mouse 
tumour cell-derived basement membrane 

- Contains collagen IV, laminin, entactin, perlecan, 
multiple cytokines and growth factors 

- Provide adhesion motifs for cells 
- Limited mechanical properties (400-420 Pa) 
- Potential immunogenicity 
- Provide meshwork type network 
- Prone to degradations due to released MMP by cells 

 

- Due to its low stiffness it represents more neural 
tissue ς commonly used for neuron regeneration 

- Hydrogel suitable for embryonic stem cells 
- Tumour cell studies: culture and invasion models 
- Research on cancer stem-cells 

[256, 261, 
268, 269] 

Gelatin Chemical hydrogel: 
carbodiimides, 
formaldehyde, 
glutaraldehyde, 
genipin 

Physical hydrogel: 
hydrogen bonds 

- Hydrolysed collagen 
- Biocompatible, biodegradable 
- More adjustable mechanical properties than 

collagen (depending on the crosslink) 
- Contains intrinsic RGD motifs ς promote cell 

adhesion, spreading, migration 
- Degradable by released MMP 

- Used for drug delivery system, wound healing, 
injectable fillers 

- Tissue engineering of cardiovascular, bone, skeletal 
muscle, hepatic tissue 

- Gelatin microgels used to induce T cell lineage form 
hematopoietic stem cells 

[259, 261, 
270-272] 

Table 1.5 Natural and synthetic biomaterial polymers, crosslinking, and their properties (continue) 
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Fibrin Chemical hydrogel: 
genipin 

Physical: gelation 
induces by Factor XVIII 
and thrombin 

- Protein involved in blood coagulation 
- Formed from the thrombin-mediated cleavage of 

fibrinogen 
- High biodegradability (e.g. urokinase), requires 

mixture with other biomaterials to increase 
ƳŀǘŜǊƛŀƭΩǎ ǎǘŀōƛƭƛǘȅ 

- Contains natural adhesion/binding motifs promoting 
cell adhesion, spreading, migration 

- Poor mechanical properties, requires combination 
with other hydrogels 
 

- 3D scaffolds used for cell proliferation and migration 
studies 

- Supported stem cells, bone marrow stromal cells 
and promoted wound healing, muscle tissue 
engineering and organoid formation 

- Fibrin-collagen hydrogel reconstructing lymph node 
to analyse T cell and stromal cellsΩ interaction 

[261, 262, 
273] 
 

Synthetic biomaterials 

Poly (glycolic 
acid, PGA), poly 
(lactic acid, 
PLA), and 
copolymers 
(PLGA) 

Chemical crosslinking: 
esterification, 
photoinitiator (UV 
irradiation) 

- Aliphatic polyesters degrade by hydrolysis, 
degradation rate depends on structure, molecular 
weight, crystallinity 

- Thermoplastic polymer ς easily shaped 
- Pore size or meshwork can be controlled according 

to cell requirements 
- PLA degrades slower than PGA 
- Potential toxicity due to released acidic residues 
- Induce immunogenicity 

- Drug delivery: transporting growth factors repairing 
cartilage tissue 

- Tumour models: PLGA-PEG-PLGA hydrogel for 
ovarian cancer cells; PLGA-sodium bicarbonate  
microparticles promoted lung cancer cells growth 
and detected drug resistance in comparison to 2D 
cultures 

[254, 274-
276] 

Poly (ethylene 
glycol)  (PEG) 

Chemical hydrogel: 
ΨŎƭƛŎƪΩ ŎƘŜƳƛǎǘǊȅΤ 
photo-initiated 
polymerization 

- Hydrophilic polymer 
- Low cytotoxicity, no-immunogenicity  
- No adhesion mediating proteins ς no cell adhesion 

and cause poor viability 
- Hydrogel pores adjusted according to chain length 

and crosslinker groups 
- Requires functionalisation to promote cell adhesion 
- Various crosslinkers available which control 

degradability, swelling, porosity, mechanical strength 

- PEG-heparin hydrogel loaded with CCL21 chemokine 
induced greater T cell proliferation and 
differentiation to memory T cells 

- Scaffolds (functionalised with RGD) contain regular 
shape pores (5-15µm in diameter) and guide the 
growth of fibroblast cells 

[258, 261, 
262, 277, 
278] 
 

Key words: RGD - amino acid sequence (Arg-Gly-Asp) promoting cell binding in ECM matrix 

 

Table 1.5 Natural and synthetic biomaterial polymers, crosslinking, and their properties (continue) 
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1.3.2. Biomaterial characteristics 

Several aspects of the biomaterial need to be considered for supporting cell 

culture. No matter their intended use (tissue engineering, regeneration, in vitro 

study models, and clinical implants) their initial design and capacity need to be 

adapted according to the given culture and wanted cell response.  

1.3.2.1 Porosity 

Pores within a ƳŀǘŜǊƛŀƭ ŀǊŜ ŘŜǎŎǊƛōŜŘ ŀǎ ΨŎŀǾƛǘƛŜǎΩ, which could have different 

ǊƻƭŜǎ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ǇǳǊǇƻǎŜ [279]. In 3D culture, pores provide 

space for cell growth, ECM deposition, exchange of molecules i.e. metabolism, 

cytokines and waste products within the structure [254]. The pores can vary in 

size and interconnectivity in the material, which could benefit the specific cell 

functions [255, 280]. For example: collagen-glycosaminoglycan scaffold with 

325˃ m pore size promoted osteoblasts attachment, migration and 

mineralization; collagen-chitosan scaffold with 360 m˃ induced macrophage 

polarisation into anti-inflammatory type cells (i.e. M2) and promoted 

angiogenesis than scaffold with 160 m˃ pore size; poly-L-lactic acid (PLLA) 

scaffold with 100 m˃ pores induced chondrocyte differentiation into cartilage-

specific cells than 200 ˃ m pore size [281-283]. Any larger pores than 400 µm will 

lose 3D culture characteristics, as cell-cell organisation ends up like in 2D culture 

[255]. Hydrogels are known to form mesh-like structures, where fibrous 

networks form molecular/nanometer scale porosity [146, 279]. Mesh-works 

simulate mainly the intricate and organised nanoscale of ECM matrix, making 
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hydrogels more favourable compared to other synthetic biomaterials due to 

their ability to ΨmimicΩ the tissue environment [284].  

1.3.2.2. Biodegradability 

Some biomaterials can undergo rapid degradation due to occurring hydrolysis, 

free radicals, temperature change or enzyme presence which eventually alters 

the materialΩǎ structure [254]. Their stability could be adjusted by modifying 

their original properties (e.g. molecular weight, density, crosslinking) or mixing 

with other biomaterials (e.g. fibrin-collagen hydrogel) to reduce the degradation 

[255]. Lƴ ǎƻƳŜ ǎǘǳŘƛŜǎΣ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ŘŜƎǊŀŘŀǘƛƻƴ ƛǎ ǘŀƪŜƴ ŀǎ ŀƴ ŀŘǾŀƴǘŀƎŜ ǘƻ 

release the content gradually overtime. For example, Hamilton et al. (2021) used 

acrylated hyaluronic acid hydrogels to ensure a slow stem cell release over a 14-

day period for the cell therapy [285]. Whereas Petterson et al. (2010) have used 

glycidyl methacrylate modified hyaluronic acid hydrogel; over 8 weeks of 

degradation they released growth factors for the bone regeneration [286]. 

Depending on the research question, biodegradability could be a challenge to 

retain a stable material or advantage to release the content of interest. 

1.3.2.3. Biomaterial functionalisation  

Synthetic and some natural polymers lack the active biomolecules, that are 

important for the specific cellΩǎ ŦǳƴŎǘƛƻƴ (Table 1.5). Common biomolecule used 

in polymers is an adhesion motif that mediates cell spreading, adhesion, 

differentiation, and migration process [255]. Biomaterials like collagen, gelatin 

and Matrigel contain these natural motifs for the cell culture [261, 268]. 

Synthetic and some natural polymers (e.g. hyaluronan) require functionalisation 
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process, whilst adhesion motifs are added to the biomaterial to support cell 

culture [287]. This is also known as the conjugation process, which could involve 

chemical (e.g. thiol reactive), enzymatic (e.g. peroxidase mediated) or photo-

(e.g. photo-acrylate crosslinking) approaches [287]. As reviewed by Spicer et al. 

(2018), there is no universal procedure in conjugating biomolecules to the 

materials, however a wide range of procedures are available to tether 

polypeptides, glycans and oligonucleotides [287]. In some cases, the 

biomaterials could be functionalised by a simple adsorption process, that 

depends on the physical interactions (e.g. ionic, hydrophobic interactions) [287, 

288]. Due to its weak interaction desorption could occur where the attached 

biomolecules are eventually lost from the material. In contrast, covalent 

conjugation, which guarantees biomolecules presence, can affect its biological 

activity and become unusable for cells [287, 289]. Custodio et al. (2010) 

compared covalent immobilisation to the adsorption method of fibronectin in 

the chitosan hydrogel. The covalent conjugation resulted in a greater quantity 

of fibronectin present in the hydrogel, which also supported better osteoblastΩǎ 

adhesion and proliferation response [289]. Whereas adsorbed fibronectin 

quantity in hydrogel was much lower, resulting in poor osteoblastsΩ response. 

The functionalisation process of the biomaterial is subjective, as it depends on 

the type of biomaterial and biomolecule needed for the cells.   

1.3.2.4. Immunogenicity 

BiomaterialsΩ use in the immunology related fields has to be carefully selected, 

as ǘƘŜȅ ŎƻǳƭŘ ōŜ ǊŜŎƻƎƴƛǎŜŘ ŀǎ ΨŘŀƴƎŜǊΩ ǊŜƭŀǘŜŘ ǎƛƎƴŀƭ and elicit immune 
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response [290, 291]. ¢ƘŜ ōƛƻƳŀǘŜǊƛŀƭΩǎ ǇŀǊǘƛŎƭŜǎ ŎƻǳƭŘ ōŜ ŎƭŀǎǎŜŘ ŀǎ 

ΨƛƳƳǳƴƻƎŜƴƛŎΩ ƻǊ ΨŀƴǘƛƎŜƴƛŎΩΣ  ŘŜǇŜƴŘƛƴƎ ǿƘŜǘƘŜǊ ǘƘŜȅ ǘǊƛƎƎŜǊŜŘ ƻǊ ƴƻǘ ǘƘŜ 

immune response, respectively [291].  

 

T cells cannot recognise proteins in native forms, but only once they are 

processed by APC into the peptides and presented on MHC class molecules [90]. 

APC are equipped with PRRs, where intact polymer chains of bacteria or virus, 

or especially biomaterials, could crosslink the PRR on APC and induce the 

immune response [292]. Park et al. (2012) demonstrated iDC activation into 

mDC once they were cultured on PLGA and chitosan biomaterials [293]. DC 

upregulated their MHC Class II molecules, CD86, CD83 and CD86 and secreted 

higher levels of pro-inflammatory TNF-ʰ ŎȅǘƻƪƛƴŜΣ ǘƘŀǘ eventually caused T cell 

activation [293].  

 

From a biomaterial perspective, natural polymers tend to have immunogenic 

properties rather than synthetic ones [291]. This could be caused by animal-

derived content, recognised as foreign antigens by human immune cells. 

However, synthetic or natural biomaterials could have specific features that can 

cause the immunogenicity due to: hydrophobicity, molecular weight, surface 

ŎƘŀǊƎŜΣ ƳŀǘŜǊƛŀƭΩǎ ǎƘŀǇŜ ŀƴŘ ǎƛȊŜ [292]. For example, one study showed induced 

DC activation by PLGA and chitosan biomaterials due to their hydrophobic 

nature and polysaccharide chains (N-acetyl-D-glucosamine), respectively [293]. 

Chitosan polysaccharides bind to the mannose receptor (i.e. PRR) and 



75 
 

hydrophobic surface of PLGA with adsorbed serum proteins ς all together 

triggering DC response.   

 

It is clear the specific features of biomaterial are responsible for inducing 

immune response, that could be problematic for 3D culture or clinical implant 

studies. However, in some scenarios induced immune response solely by 

biomaterials could improve vaccine, anti-tumour response or elimination of 

chronic inflammations in the clinical applications.    

 

1.4. Self-assembling peptide hydrogels 

Self-assembling peptide hydrogels are getting recognised in the clinical and 

academic fields [249, 294-297]. The materials are composed from the short 

amino acid chains, also known as peptides, which under the right conditions (e.g. 

pH, temperature, salt) self-assemble into the hydrogel [294]. Self-assembly is 

not a novel process, as it occurs in the ECM between proteins, GAGs and 

proteoglycan molecules [284]. Peptide hydrogels also contain a nanofibrous 

ǎǘǊǳŎǘǳǊŜΣ ǿƘƛŎƘ ƛǎ ƳƻǊŜ ΨŦŀƳƛƭƛŀǊΩ ǘƻ ǘƘŜ ŎŜƭƭǎ ŘǳŜ ǘƻ ƛǘǎ ǎƛƳƛƭŀǊƛǘȅ ǿƛǘƘ 9/a [298].  

 

Different types of self-assembling peptide hydrogels are available for research 

[294, 299]. The difference relies on amino acids, which mitigate specific 

interactions between peptides to form the hydrogel. For example: small 

molecules such as di- and tri- peptides (e.g. Fmoc-D-Ala-D-Ala) interacǘ ōȅ ˉ-

stacking; ionic complimentary peptides like EAK (glutamic acid, alanine, lysine) 

ƛƴǘŜǊŀŎǘ ōȅ ƘȅŘǊƻǇƘƛƭƛŎΣ ƘȅŘǊƻǇƘƻōƛŎΣ ŀƴŘ ŜƭŜŎǘǊƻǎǘŀǘƛŎ ŀƳƛƴƻ ŀŎƛŘǎΩ charges; 
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peptide amphiphiles (inspired by lipid molecule) form a hydrogel based on 

hydrophobic tails and hydrophilic heads [298, 299]. Even though the hydrogel is 

composed from the natural amino acids, it is still classed as a synthetic material 

[300]. Upon specific amino acids ŎƻƳǇƻǎƛǘƛƻƴΣ ǇŜǇǘƛŘŜǎ ŎƻǳƭŘ ŦƻǊƳ ʲ-ǎƘŜŜǘ ƻǊ ʰ-

helical structures to form hydrogels [301]Φ ʲ-sheet peptides are preferred for the 

ƘȅŘǊƻƎŜƭǎ ŘǳŜ ǘƻ ǘƘŜƛǊ ŀōƛƭƛǘȅ ǘƻ ǊŜǎƛǎǘ ŎŜƭƭǳƭŀǊ ǇǊƻŎŜǎǎŜǎ όƴƻǘ ƭƛƪŜ ʰ-helical 

chains), easier design and chemical simplicity [302].  

 

Peptide hydrogels have many advantages for culturing cells. As they retain a 

good biocompatibility, high water content, porosity (meshwork), modifiable 

stiffness level and functionalisation with biological motifs [298]. The main 

limitation of this type of material is to form high stiffness material representing 

hard tissues [294]. It could be achieved by increased peptide concentration, that 

could also affect cell viability and induce amyloid (i.e. abnormal protein 

structure) deposition [302, 303].  

 

Currently, peptide hydrogels use are explored in the biomedical applications and 

3D culture fields. From the biomedical applications perspective hydrogels were 

tested as: delivery system of antigens to induce a better anti-tumour response; 

promote better angiogenesis in vivo for spinal cord injuries; and deliver a 

haemostatic effect in the open wounds [249, 296, 304]. In 3D culture, RAD16-I 

scaffold functionalised with laminin I and collagen VI adhesion motifs - improved 

human aortic endothelial cells culture, which resulted in a better cell growth rate 

and protein deposition [305]. Another example is by Kopesky et al. (2010), where 
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KLD12 peptide hydrogel for bone marrow stem cells was used and promoted 

better chondrogenesis process than the same cells cultured in the agarose gel 

[297]. Due to peptide ƘȅŘǊƻƎŜƭǎΩ modifiable properties and similarity to ECM 

environment they are becoming a popular choice in the research areas [295].  

1.4.1. FEFEFKFK peptide hydrogel 

The FEFEFKFK octapeptide was created to simplify current complementary 

peptides used to make the gels [298]. It also has a rapid gelation process in 

comparison to other peptide gels (i.e. RAD16-1) [306].  

 

FEFEFKFK is composed from phenylalanine (F, hydrophobic), lysine (K, positively 

charged) and glutamic acid (E, negatively charged) [295]. The peptide fibre 

contains the hydrophobic core formed by phenylalanine side groups, whereas 

the outside present hydrophilic groups from charged amino acids [307]. It is 

predicted that the phenylalanine will take the initiative of forming the fibres, 

whereas lysine and glutamic acid will interconnect them to make a nanofibrous 

network (Fig. 1.18 (a-c)). All these interactions to happen and ensure hydrogel 

formation, the optimal conditions of ǇŜǇǘƛŘŜΩǎ concentration, temperature, pH 

and salt concentration need to be met (Fig. 1.18 (d)) [307]. One study 

demonstrated hydrogelΩǎ ŦƻǊƳŀǘƛƻƴ ǿƛǘƘ ϤнΦс ǿǘ҈ ƻŦ ǇŜǇǘƛŘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŀǘ 

pH 2.8, whereas ~1 wt% required pH 4-10 [302]. This indicates versatile 

ƘȅŘǊƻƎŜƭΩǎ ǇǊƻǇŜǊǘƛŜǎΣ ǿƘŜǊŜ ǳƴŘŜǊ the right condition the hydrogel will solidify. 
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Figure 1.18 FEFEFKFK peptide hydrogel formation. (a) Chemical structure of the 

FEFEFKFK octapeptide. (b) Peptide fibre forms upon hydrophobic interactions caused 

by F, which creates a hydrophobic core, leaving a hydrophilic side created by E and K aa 

charged groups. (c) Fibres interact with each other via the hydrophilic side, creating a 

nanofibrous structure. (d) Peptide fibrils self-assemble into anǘƛǇŀǊŀƭƭŜƭ ʲ-sheet 

structure, and form above critical gelation concentration (CGC) the peptide hydrogel. 

Graphs were adapted from Burgess et al. (2021) and Gao et al. (2017) [307, 308]. 
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IȅŘǊƻƎŜƭΩǎ pH is adjusted by sodium hydroxide addition, which first leaves the 

material with an alkaline condition [306, 307]. At this state, the material is more 

liquid state which allows better mixing and distribution of added media and cells. 

At the same time, added media will reduce pH to 7 to induce the final gelation 

step. At neutral pH, lysine and glutamic acid interact with each other via 

electrostatic interactions, leaving the whole peptide to reduce its isoelectric 

point [306, 309, 310]. This causes the aggregation of fibres by tightening the 

fibrous network and encapsulating cells [306]. Added salt will sequester the 

excess charges of the peptides, allowing hydrophobic forces and hydrogen bond 

formation, leading to the nanofibrous network formation [309].  

 

Mechanical stiffness of the peptide gel depends on the peptide concentration 

[307]. Increased peptide concentration forms a high density fibres, which also 

regulate the size of the meshwork [301]. For example, at neutral pH 10 mg/ml 

peptide gel have ~30nm meshwork size, whereas 40 mg/ml has ~15nm [301]. 

However, fibre diameter is not affected by increasing peptide concentrations 

and it seems to retain a similar diameter size between 3-4 nm [301, 307]. Castillo 

et al. (2014) studied the increasing peptide gel concentration on the osteoblasts 

cells, and upon an increase of mechanical stiffness and reduced porosity, cell 

viability was reduced as well [309]. It is suspected that the reduced porosity of 

the gel and limited diffusion of nutrients affected the cells. To this date no data 

has been published to confirm the possible restriction of molecule diffusion 

across the hydrogel. 
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FEFEFKFK peptide gel provides an unmodified environment for cells, which gives 

an opportunity for studies to incorporate adhesion motifs or ECM components 

for cell culture. Ashworth et al. (2019) via adsorption process (mixing the 

content into the gel) functionalised gel with collagen type I and hyaluronic acid 

[311]. Encapsulated fibroblast cells adhered to the funtcionalised peptide 

hydrogel and promoted cell spreading. In addition, cells themselves can modify 

the environment by depositing their own produced ECM content into the gel 

[309, 311, 312]. FEFEFKFK peptide gels can also be modified via conjugation 

process with adhesion motifs i.e. RGD sequence to promote cell adhesion and 

migration. Burgess et al. (2021) used functionalised peptide gel with RGD 

sequence for cardiac progenitor cells, which evidently promoted cell 

differentiation into cardiac cells and migration across the gel [308].  

 

Overall, peptide gels have many adjustable properties which could be used to 

adapt the specific microenvironment for cells. They give more control than other 

hydrogels e.g. Matrigel, collagen, hyaluronic acid, that already have modified 

environment for cells. Nevertheless, the processing and production of peptide 

hydrogel is cost-effective, giving more opportunities for the research studies to 

adapt to the 3D cell culture system [311, 312]. 
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1.5. Hypotheses and aim 

 

T cells work mainly in tissue microenvironments, and the current in vitro models 

oversimplify the characteristics of tissues where cells are commonly found. In 

addition, improved in vitro studies could avoid animal models for the simpler 

research questions. There is a necessity of developing a realistic in vitro study to 

analyse functional T cell work under the influence of mechanical properties, 3D 

dimensions, cell-cell interactions and the presence of ECM components. The 

vast choice of biomaterials can improve in vitro cultures by providing tissue 

relevant features, but the lack of adjustable mechanical properties, modified 

environment (ECM presence), tumour origins, poor biocompatibility, 

immunogenicity, and expensive costs limits the 3D culture use.  In this study, 

FEFEFKFK peptide hydrogel offers several advantages as a potential biomaterial 

to be used as the replacement for 2D culture. Due to their adjustable properties 

(from mechanical to biochemical) and related low costs, it could improve in vitro 

studies and deliver more realistic T cell response. Our hypotheses in this study 

are: 

1. Self-assembling peptide hydrogel can support normal T cell activation 

and function process 

2. Self-assembling peptide hydrogel can provide tissue related 

characteristics (e.g. stiffness, ECM components) and modulate T cell 

response 

3. Biomaterial is inert (low immunogenicity) and support immune cell 

function, without background response 

4. T cell response to the immunomodulators (i.e. DC modified by drugs) 

can be studied in 3D peptide hydrogel culture system 
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Chapter 2: Materials and methods 

 

2.1 Ethical approval 

IŜŀƭǘƘȅ ǾƻƭǳƴǘŜŜǊǎ ǿŜǊŜ ƛƴǾƛǘŜŘ ǘƻ ŘƻƴŀǘŜ ōƭƻƻŘ ǳƴŘŜǊ ǘƘŜ ǎǘǳŘȅ ǘƛǘƭŜ Ψ¦ǎƛƴƎ 

human blood from normal doƴƻǊǎ ŦƻǊ ǘƘŜ ǎǘǳŘȅ ƻŦ ƛƳƳǳƴŜ ǊŜǎǇƻƴǎŜΩΦ ¢ƘŜ ǎǘǳŘȅ 

was conducted under the research ethics reference NB-161-1711, version 1.3: 

02-12-2019, used at Biodiscovery Institute, University Park, University of 

Nottingham. Peripheral blood was obtained by venipuncture using a 19g needle 

and sodium heparin was used as anticoagulant. 

 

2.2 Peripheral blood mononuclear cells (PBMCs) and 
peripheral blood lymphocyte (PBL) isolations 

 
PBMCs were isolated from the human blood by the density gradient 

centrifugation process. Before the isolation process, all reagents (see Table 2.4 

for manufacturer and catalogue number) were brought to room temperature. 

¢ƘŜ ŎƻƭƭŜŎǘŜŘ ŘƻƴƻǊǎΩ ōƭƻƻŘ ǿŀǎ ŦƛǊǎǘ ŘƛƭǳǘŜŘ ōȅ мΥм Ǌŀǘƛƻ ǿƛǘƘ 5t.{ ǘƻ ŀŎƘƛŜǾŜ ŀ 

better purity of PBMCs. 35mL of blood was layered on top of the 15mL 

Histopaque 1077 aliquoted in the 50mL Falcon tube, and centrifuged at 800 x g, 

21o/Σ ф !// ŀƴŘ м 5// ŦƻǊ нр ƳƛƴǳǘŜǎ όƳƛƴύΦ !ŦǘŜǊ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴΣ ǘƘŜ ΨōǳŦŦȅ ŎƻŀǘΩ 

(Graph 2.1) which contains the PBMCs, was collected without disturbing other 

layers in the tube. Harvested cells were transferred into separate tubes and 

diluted further with DPBS up to 50mL. The content was centrifuged at 1400 rpmi 

for 8 min, followed by supernatant removal, pellet dislodgement and further 
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dilution with 25mL of DPBS. Cells were counted by hemocytometer (see section 

2.3) and prepared for further isolation of the cells of interest e.g. CD4+ T cells).   

 

For some experiments, PBL were isolated from the PBMCs population. In brief, 

PBMCs were removed from DPBS by a centrifugation at 300 x g for 10 min. The 

dislodged pellet of PBMCs was adjusted to 1x106 cells/ml in T cell medium (see 

Table 2.5 for medium composition) and 20mL transferred to T75 flasks. Cells 

were incubated for 2 hours at 37oC in a 5% CO2 incubator, which allowed 

adherent cells to attach to the flask whilst suspension cells (i.e. lymphocytes) 

remained unattached. Medium containing cells was collected and centrifuged at 

300 x g for 10 min to obtain PBL.   

.   

 

 

Graph 2.1: PBMC isolation by density gradient centrifugation. Diluted blood with DPBS 
was layered on Histopaque 1077 and processed by gradient centrifugation. Buffy coat 
(PBMCs) was collected carefully without disturbing other layers. Figure created with 
BioRender.com. 
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2.3 Cell counting with Trypan blue 

 ! ǎƳŀƭƭ ǾƻƭǳƳŜ όмл˃[ύ ƻŦ ŎŜƭƭ ǎǳǎǇŜƴǎƛƻƴ ǿŀǎ ŘƛƭǳǘŜŘ ǿƛǘƘ ŀƴ Ŝǉǳŀƭ ǾƻƭǳƳŜ ƻŦ 

Trypan Blue. The dye itself helped to distinguish the dead cells, which are dye-

permeable, from the viable cells [313]Φ мл ˃[ ƻŦ ŘƛƭǳǘŜŘ ǎŀƳǇƭŜ ǿŀǎ ƭƻŀŘŜŘ ǘƻ 

the haemocytometer and cells in three regions counted under the light 

microscope (Graph 2.2). 

The total number of viable cells in the prepared cell suspension was calculated 

as follows: 

 

 

 
Based on the cell number, the calculated volume of reagent (such as cell 

culture medium) was added to obtained the required cell density. 

Ὕέὸὥὰ ὲόάὦὩὶ έὪ ὺὭὥὦὰὩ ὧὩὰὰί

Ὕέὸὥὰ ὲόάὦὩὶ έὪ ὧέόὲὸὩὨ ίήόὥὶὩί
ὈὭὰόὸὭέὲ Ὢὥὧὸέὶ ὦώ Ὕὶώὴὥὲ ὄὰόὩὝέὸὥὰ ὺέὰόάὩ έὪὴὶὩὴὥὶὩὨ ὧὩὰὰί ίόίὴὩὲίὭέὲ 

 

╣▫◄╪■ ▪◊□╫▄► ▫█ ╬▄■■▼ ώ 

Graph 2.2: HaŜƳƻŎȅǘƻƳŜǘŜǊΩǎ ŎƻǳƴǘƛƴƎ ƎǊƛŘΦ Diluted cell suspension with Trypan Blue 
were loaded to the haemocytometer and only viable cells were counted from the total 
three squares.  
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2.4 Human CD4+ T cell isolation 

CD4+ T cells were enriched from PBMC by positive selection with magnetic 

microbeads (Miltenyi Biotec) conjugated to the antibodies recognising human 

CD4+ marker [314]. The protocol was provided by the manufacturer and 

relevant reagents prepared according to the given instructions. All reagents 

were maintained at 4oC degrees, which helped to prevent non-specific antibody 

binding [314]. The total number of PBMCs was defined before the procedure to 

select the appropriate column size. In brief, isolated PBMCs in DPBS were 

centrifuged at 300 x g for 10 min. According to the total cell number, the 

dislodged pellet of cells was resuspended in the cold MACS buffer (80µL per 

1x107 cells) and CD4+ microbeads (20µL of per 1x107 cells) and incubated for 15 

min at 4oC. After incubation time, an additional 2mL of MACS buffer per 1x107 

cells was added to the tube and centrifuged at 300 x g for 10 min. In the 

meantime, the LS column was attached to the magnetic stand and washed once 

with 3mL of MACS buffer. Cells then were resuspended in 500µL of MACS buffer 

and loaded to the prepared LS column. The cell suspension was allowed to run 

first through the column, and then 3mL of MACS buffer was added to elute 

unbound cells (also known as negative selection). Three washing steps were 

completed and on the final one, the LS column was removed from the magnetic 

stand placed over the new tube. 5mL of MACS buffer was added to the column 

and the whole content was plunged down to elute CD4+ T cells. 5mL of cell 

suspension was diluted further with 25mL of T cell medium and the total number 

of cells determined. Cells were centrifuged (300x g, 10 min) and resuspended at 

1x106/mL in T cell medium supplemented with IL-2 (30 U/mL). T cells were 
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cultured in 5mL per well in 6-well plates and rested overnight at 37oC in a 5% 

CO2 incubator. The purity of isolated CD4+ T cells was determined by flow 

cytometry (MACSQuant Analyzer 10, Miltenyi Biotec), where 100˃L of the cell 

sample was stained with anti-human CD4+ and CD3+ antibodies conjugated with 

respective fluorophores (see section 2.17). 

 

2.5 Human CD14+ monocyte isolation and differentiation 
into dendritic cells (DCs) 

 

CD14+ monocytes were isolated from the negative fraction collected during 

CD4+ T cell isolation (section 2.4). Monocytes were isolated by positive selection 

with CD14+ microbeads (Miltenyi Biotec) [315]. The procedure of isolation and 

required equipment was similar to section 2.4. In brief, cell number was 

determined, followed by a centrifuge step at 300 x g for 10 min. Based on the 

cell number, the dislodged pellet of cells was exposed to defined volumes of cold 

MACS buffer and CD14+ microbeads - i.e. 2x108 cells required 400 µL of cold 

MACS buffer and 75 µL of CD14+ microbeads. Cells were incubated for 15 min 

at 4oC, followed by the addition of 20mL of MACS buffer and centrifugation step. 

¢ƘŜ ǎǳǇŜǊƴŀǘŀƴǘ ǿŀǎ ŘƛǎŎŀǊŘŜŘ ŀƴŘ ǘƘŜ ŘƛǎƭƻŘƎŜŘ ŎŜƭƭǎΩ ǇŜƭƭŜǘ ǿŀǎ ǊŜǎǳǎǇŜƴŘŜŘ 

in 1mL of MACS buffer before loading to the LS column. The rest of the 

procedure followed the exact steps as described in section 2.4. Collected CD14+ 

monocytes were further diluted in 10mL of DC medium and the total number of 

cells was counted. Cells were centrifuged, and diluted with DC medium 

(containing IL-4 1000 U/mL and GM-CSF 1000 U/mL) at 1x106 cells/mL. Cells 

were transferred to appropriately sized flasks, i.e. 15x106 cells in T75 flask or 
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30x106 cells in T175 flask, and incubated for 3-4 days at 37oC. On day 3 or 4 of 

incubation, additional DC medium (50% to the current volume) supplemented 

with cytokines was added to the cells and cultured until day 5. During days 5-7, 

iDCs were harvested. 

 

2.6 Human CD1c+ DCs isolation 

Whole PBMCs were processed for CD1c+ isolation with magnetic microbeads 

and cold reagents, as instructed by Miltenyi Biotec protocol [316]. In brief, 

PBMCs were reconstituted in cold MACS buffer (100µL per 1x108 cells) with FcR 

blocking, CD14+ microbeads, CD19+ microbeads and CD1c (BDCA-1) Biotin 

reagents - all at 100µL / 108 cells. The content was mixed and incubated for 15 

min at 4oC. After incubation, 10x of the MACS buffer volume was added to the 

current labelling solution and centrifuged (300 x g, 10 min). The supernatant was 

discarded and the dislodged cell pellet resuspended in 500µL of MACS buffer. 

The LD column was attached to the magnetic separator and equilibrated with 

2mL of MACS buffer before addition of cells. Three washing steps were 

ŎƻƳǇƭŜǘŜŘ ǿƛǘƘ мƳ[ ƻŦ a!/{ ōǳŦŦŜǊ ŀƴŘ ǘƘŜ ΨƴŜƎŀǘƛǾŜ ǎŜƭŜŎǘƛƻƴΩ ǿŀǎ Ŏƻllected 

for the further process. Two times of MACS buffer volume was added to the 

ŎǳǊǊŜƴǘ ŎŜƭƭ ǎǳǎǇŜƴǎƛƻƴΩǎ ǾƻƭǳƳŜ ŀƴŘ ŎŜƴǘǊƛŦǳƎŜŘΦ ¢ƘŜƴ пллµL of MACS buffer 

with 100µL (per 1x109 cells) anti-biotin microbeads were added to the cells and 

incubated for 15 minutes at 4oC. At the end of incubation, ten times of MACS 

buffer volume was added to the cells, centrifuged and resuspended in 500µL of 

MACS buffer per 1x108 cells. Further isolation required MS columns, which were 

pre-washed with 500µL of MACS buffer. The column with loaded cells was 
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washed three times with 500µL buffer and then flushed with 1mL of MACS 

buffer into the next MS column to increase the purity of cells. The same washing 

procedure was repeated with the final step of detaching the column from the 

magnet and flushing the cells into a separate collection tube. Isolated CD1c+ 

cells were immediately used for the experiment. 

 

2.7 Preparation of immature and mature DC, and treatment 

with dexamethasone and p38 inhibitor (BIRB196) 

 
DCs were activated inǘƻ ŀ ΨƳŀǘǳǊŜΩ ǎǘŀǘŜ ǇǊƛƻǊ ǘƻ ¢ ŎŜƭƭ ŀŎǘƛǾŀǘƛƻƴ ǇǊƻŎŜǎǎΦ 

Isolated CD14+ monocytes (section 2.5) were differentiated into iDC for 5 to 7 

days, followed by exposure to the synthetic ligands to mDC. iDCs were 

centrifuged at 300 x g for 10 minutes and prepared at 1x106 cells/ml in DC 

medium (section 2.5). 1ml of cells suspension was added to the 24-well plate, 

followed by an additional 1ml of medium containing 2x concentration of Poly:I:C 

(working concentration: 10 µg/ml), R848 (working concentration: 2.5 µg/ml) and 

GM-CSF (working concentration at 1000 U/mL) to initiate maturation. Additional 

wells with iDCs were supplemented with GM-CSF only. Cells were incubated at 

37oC with a 5% CO2 incubator for 24 hours. 

 

iDCs were also exposed to the dexamethasone (Dex) before maturation. For Dex 

treatment, iDCs were cultured at 5x105 cells per 100µL in a 96-well plate. Cells 

received an additional 50µL of DC medium prepared with 4x concentration of 

Dex (working concentration 10-6M) and incubated for 1 hour at 37oC. Later on, 
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the same Dex-treated cell cultures received 50 µL of medium with 4x 

concentration of Poly:I:C and R848 and incubated for 24 hours.  

 

CD1c cells (section 2.6) were treated with the same synthetic ligands, Dex and 

p38 inhibitor during differentiation process into mDC. At first, cells were 

resuspended at 1x105 cells/ml in DC medium supplied with 1000 U/ml GM-CSF, 

then 100 µL of cells were aliquoted to a 96-well plate and rested for 1 hour 

before stimulus and drug treatment. After resting, cells were treated with p38 

inhibitor (BIRB196), prepared at 5x concentration (final conc. 1µM) in the culture 

medium. The drug treatment lasted for 30 min, followed by an additional 50 µL 

of Dex (with 5x concentration) and then incubated for another hour. The final 

step of the process involved the addition of 50 µL of medium with 5x 

concentrations of Poly:I:C and R848, and further incubation by 24 hours. For 

conditions where stimulus/drug treatment was not added, cells received 

medium with GM-CSF only. Conditioned CD1c+ were summarised in Table 2.1. 

 

 

 

2.8 Coating polystyrene particles with functional antibodies 

ς preparation of artificial APC 

 
tƻƭȅǎǘȅǊŜƴŜ ōŜŀŘǎ όǎƛȊŜ мл˃Ƴύ ǿŜǊŜ ŎƻŀǘŜŘ ǿƛǘƘ ŦǳƴŎǘƛƻƴŀƭ ŀƴǘƛōƻŘƛŜǎ ŎŀǇŀōƭŜ 

of inducing T cell activation process. The selection of antibodies and their 

Conditioned CD1c p38 inhibitor Dexamethasone Poly:I:C and R848 

Immature    
Mature    50 µL 
Mature-Dex  50 µL 50 µL 
Mature-Dex-p38  50 µL 50 µL 50 µL 

Table 2.1 Treatment of CD1c+ with stimulus and immunomodulatory drugs 
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concentrations were: anti-ƘǳƳŀƴ /5о ŀǘ ол˃ƎκƳ[ ƻǊ м ˃Ǝ κƳ[Τ ŀƴǘƛ-human 

/5ну ол˃ƎκƳ[ ƻǊ о˃ƎκƳ[Τ ŀƴŘ ŀƴǘi-ƘǳƳŀƴ /5рр ŀǘ о˃ƎκƳ[Φ !ƴǘƛōƻŘƛŜǎ ǿŜǊŜ 

attached to the polystyrene particles by adsorption, a non-covalent coating 

method described by Bangs Laboratories, Inc [317]. In brief: 10mg/mL of beads 

were prepared in 1mL of PBS solution and centrifuged at 650 x g for 5min. In a 

separate tube, 1mL of PBS was prepared with the final working concentrations 

of antibodies. The supernatant from the beads was discarded, and the pellet was 

ǊŜŎƻƴǎǘƛǘǳǘŜŘ ƛƴ ŀ ǘƻǘŀƭ ƻŦ ол˃[ t.{Φ !ƭƭ ōŜŀŘǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŀƴŘ ŀŘŘŜŘ ǘƻ ǘƘŜ 

prepared antibodies solution, achieving the final concentration at 1% (w/v). 

Adsorption was undertaken with constant rotation (15rpm for 2 hours at room 

temperature), followed by overnight rotation at 4°C. After absorption, beads 

were washed and reconstituted in 1mL of blocking buffer (PBS, 0.05% FBS) for 

1hr. Beads were then washed, reconstituted in PBS and stored at 4oC until 

further use. Every batch of produced beads was labelled with secondary rabbit 

anti-mouse polyclonal antibody FITC (protocol 2.17) and analysed by flow 

cytometry to detect the percentage of coated beads.  

 

2.9 Precursor FEFEFKFK peptide hydrogel preparation 

Peptide-based (sequence FEFEFKFK) powder was stored in the -20oC freezer for 

long-term storage. Starting masses of the peptide powder (see Table 2.3) were 

dissolved in 800˃L of sterile UltraPure distilled water and mixed in the  
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15mL Falcon tubes. Mixtures were vortexed for 3 min and centrifuged (1000 

rpm, 3 min) followed by incubation (80°C, 2 hours). After incubation, 0.5M NaOH 

was gradually added into the hydrogel, followed by 10 seconds vortex and 

centrifugation. NaOH was added until hydrogels were visually transparent and 

self-supporting upon the tube inversion ς see Table 2.3 for total NaOH volumes 

added to the given peptide.  

 

Once transparent, self-supporting hydrogel was achieved, 100L˃ of 10x PBS was 

ŀŘŘŜŘ ƛƴǘƻ ǘƘŜ ƘȅŘǊƻƎŜƭΩǎ ƳƛȄΦ ¢ƘŜ ŎƻƴǘŜƴǘ ǿŀǎ ǾƻǊǘŜȄŜŘ ŀƴŘ ŎŜƴǘǊƛŦǳƎŜŘ ŦƻǊ мл 

seconds and subsequently incubated overnight at 80°C. Hydrogels were stored 

at 4°C until further use. 

 

2.10 Peptide hydrogel gelation and cells (and co-culture) 
encapsulation 

 
Precursor hydrogels were liquefied at 80°C to achieve a homogenous mixture 

and cooled to 37°C in a water bath. A total of 250 ˃ [ cell suspension in T cell 

medium supplemented with IL-2 at 30U/mL was prepared for 1mL of hydrogel 

(final volume ratio 1:5). Cell density was prepared with extra cells to meet the 

desired cell concentration in the hydrogel, as the actual volume with cells and 

hydrogel totalled to 1.25mL. For example, to achieve 1x106 cells/mL in hydrogel, 

Peptide Concentration 
(mg/mL) 

Peptide powder (mg) Volume of 0.5M NaOH 
ό˃[ύ 

6 7.5 40 
8 10.0 55 
10 12.5 65 

Table 2.2 Amount of starting peptide powder and 0.5M NaOH required for peptide 

hydrogel production 



92 
 

1.25x106 ƻŦ ŎŜƭƭǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŀƴŘ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ нрл ˃[ ƳŜŘƛǳƳΦ !ŘŘŜŘ 

medium with cells was gently mixed into the precursor hydrogel by reverse 

pipetting until the content was evenly distributed. The hydrogel mixture was 

aliquoted into a 96-well plate (100˃L / well) or hanging inserts in a 24-well plate 

(200˃ [ κ ƛƴǎŜǊǘύ ŦƻƭƭƻǿŜŘ ōȅ ƛƴŎǳōŀǘƛƻƴ ŀǘ 37oC in a 5% CO2 incubator for 10 min. 

For hydrogels in inserts, 1mL of complete T cell medium was added to the 

ǎǳǊǊƻǳƴŘƛƴƎ ǿŜƭƭ ŀƴŘ нлл˃[ ƳŜŘƛǳƳ ŘǊƻǇǿƛǎŜ ƻƴ ǘƻǇ ƻŦ ǘƘŜ ƎŜƭΦ CƻǊ ƘȅŘǊƻƎŜƭǎ 

in the 96-ǿŜƭƭ ǇƭŀǘŜǎΣ нлл˃[ ƻŦ ƳŜŘƛǳƳ ǿŀǎ ŀŘŘŜŘ ŘǊƻǇǿƛǎŜ ǘƻ ǘƘŜ ƎŜƭΦ aŜŘƛǳƳ 

was changed twice within the first hour to induce the gelation process, and the 

third wash was done 3-4 hours after the second wash or the following day.  

 

The co-culture between T cells and artificial/actual APCs was set up in the 

ƘȅŘǊƻƎŜƭǎΦ /Ŝƭƭ ǎǳǎǇŜƴǎƛƻƴ ƻŦ ŜŀŎƘ ŎŜƭƭ ǘȅǇŜ ǿŀǎ ǇǊŜǇŀǊŜŘ ƛƴ ŀ ǘƻǘŀƭ ƻŦ мнр˃[ ƻŦ 

T cell medium. Once both cell suspensions were combined it met the required 

volume for 1mL of hydrogel. For example, a co-culture between T cells and DC 

at ratio 10:1, respectively, requires 1.25x106 ¢ ŎŜƭƭǎ ƛƴ мнр ˃[ ŀƴŘ мΦнрȄмл5 DC in 

мнр ˃[ ŦƻǊ мƳ[ ƘȅŘǊƻƎŜƭΦ   

 

2.11 3H-Thymidine incorporation assay 

3H-¢ƘȅƳƛŘƛƴŜ ƛǎ ŀ ǊŀŘƛƻŀŎǘƛǾŜ ƴǳŎƭŜƻǘƛŘŜΣ ǿƘƛŎƘ ƎŜǘǎ ƛƴŎƻǊǇƻǊŀǘŜŘ ƛƴǘƻ ŎŜƭƭΩǎ 

DNA during DNA synthesis process [318]. From T cells perspective, activated and 

proliferating cells incorporate more the 3H-Thymidine in DNA due to actively 

synthesised DNA, than unstimulated/resting T cells. The assay cannot provide 

single cells readouts, as the produced results represent the whole cell 
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ǇƻǇǳƭŀǘƛƻƴ ƛƴ ǇƭŀǘŜΩǎ ǿŜƭƭ. T cells (1x106 cells/mL) and artificial APC (1x105 

beads/mL) were resuspended in T cell medium and encapsulated in 1mL of 

peptide hydrogel. The experiment was set up in a 96-well plate and incubated 

for 6 days at 37oC with a 5% CO2 incubator. On the final day of the experiment, 

млл˃[ ƻŦ ƳŜŘƛǳƳ ǎǳǊǊƻǳƴŘƛƴƎ ǘƘŜ ƘȅŘǊƻƎŜƭ ǿŀǎ ŎƻƭƭŜŎǘŜŘ ŀƴŘ ǎŀǾŜŘ ŦƻǊ 9[L{! 

assay to analyse the cytokines of interest. The removed medium was replaced 

with fresh culture medium containing 3H-¢ƘȅƳƛŘƛƴŜ όлΦр ˃/ƛύ ŀƴŘ ƛƴŎǳōŀǘŜŘ ŦƻǊ 

the final 18 hours of the experiment. The following day, medium was removed 

ŎŀǊŜŦǳƭƭȅ ǿƛǘƘƻǳǘ ŘƛǎǘǳǊōƛƴƎ ǘƘŜ ƘȅŘǊƻƎŜƭ ŀƴŘ млл˃[ ƻŦ н҈ ƻŦ {5{ όǇǊŜǇŀǊŜŘ ƛƴ 

distilled water) was added to the wells. The content was gently mixed and 

incubated for 5 min to degrade the biomaterial and cells. The plate was washed 

with water six times to get rid of the culture debris and released DNA content 

was trapped in the UniFilter 96-well plate (see Table 2.6). The plate was left to 

ŘǊȅ ƻǾŜǊƴƛƎƘǘ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ƛƴ ǘƘŜ ŦǳƳŜ ƘƻƻŘΦ ол˃[ ƻŦ ʲ-scintillation 

liquid was added to each well and analysed for 3H-Thymidine incorporation 

(cpm) with TopCount NCT PerkinElmer radiometric counter. 

 

2.12 CFSE staining of CD4+ T cells 

T cells were labelled with carboxyfluorescein succinimidyl ester (CFSE) to trace 

down the cells during the microscopic imaging process and assessment of cell 

proliferation by flow cytometer. /C{9 ŘȅŜ ǿƻǊƪǎ ƻƴŎŜ ƛǘ ŎǊƻǎǎŜǎ ǘƘŜ ŎŜƭƭΩǎ ǇƭŀǎƳŀ 

membrane and gets processed by esterase enzymes which create a highly 

fluorescent dye [319]. CFSE binds covalently to the amine groups of the proteins, 

ǘƘǳǎ ΨƭŀōŜƭƭƛƴƎΩ ǘƘŜ ŜƴǘƛǊŜ ŎŜƭƭǎ ǿƛǘƘ ŘŜǘŜŎǘŀōƭŜ ŦƭǳƻǊŜǎŎŜƴǘ ŎƻƭƻǳǊΦ ¦Ǉƻƴ ŎŜƭƭΩǎ 
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division the fluorescent content within cells gets halved into the daughter cells, 

making the dye popular as the surrogate for the proliferation studies (Graph 

2.3). 

  

Cells staining process began by dilution of CFSE stock with dimethyl sulfoxide 

(DMSO) to make a 5mM stock solution. Dye was further diluted to achieve 2˃M 

final working concentration per 1mL of DPBS. Prior to staining, CD4+ T cells were 

resuspended (1x106 cells/mL in DPBS) and washed by centrifugation to remove 

the remaining serum content. The prepared CFSE staining solution was added to 

the dislodged cell pellet, mixed and incubated for 20 min at room temperature 

in the dark. The staining process was stopped by adding 5x times (v/v) complete 

T cell medium and incubated for 5 min to quench unbound CFSE. Cells were 

a) b) 

Graph 2.3. CFSE dye dilution by dividing cells and flow cytometry analyses. Cells labelled 
with CFSE dye have high fluorescence intensity. a) Upon T cell stimulation, dividing cells 
ŘƛƭǳǘŜŘ ǘƘŜ /C{9 ŎƻƴǘŜƴǘ ƛƴǘƻ ǘƘŜ ŘŀǳƎƘǘŜǊ ŎŜƭƭǎΣ ŀƴŘ ŦǳǊǘƘŜǊ ŎŜƭƭǎΩ ŘƛǾƛǎƛƻƴ ŀƭƭƻǿŜŘ ǘƻ 
monitor the proliferation process. b) CFSE dye dilution and proliferation can be 
monitored by the flow cytometry, where the decrease of CFSE fluorescence intensity 
reflects the dividing cells. Figure created with BioRender.com 
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washed and resuspended at 1x106 cells/mL in complete T cell medium with IL-2 

and rested overnight in 6-well plates (37oC). The following day the uniformity 

and fluorescence intensity of CFSE-labelled cells were determined by flow 

cytometry prior to experimentation.  

 

2.13 Bulk Oscillatory Rheology 

Bulk Oscillatory Rheology was performed on a Physica MCR 301 rheometer 

(Anton Paar). Hydrogels were prepared in hanging inserts in a 24-well plate, and 

the gelation process was induced (by changing the medium in total three times) 

within one day. The following day, hydrogels were cut out from the inserts and 

mounted onto the rheometer plate set at 37°C and interrogated using PP08 

(8mm) parallel plate.  An amplitude sweep test was performed with the strain 

set between 0.1% and 100% to determine the linear viscoelastic region. After 

this test, the determined strain (i.e. 1%) was used for all samples at the 

frequency of 1 rad/s [311]. Storage modulus (Pa) of hydrogels was identified by 

ǘƘŜ ΨǘƛƳŜ ǎǿŜŜǇǎΩ ǘŜǎǘΣ ǿƘƛŎƘ ǿŀǎ acquired with ten measurements over 5 min 

ǿƛǘƘ Ŏƻƴǎǘŀƴǘ ǎǘǊŀƛƴ ŀƴŘ ŦǊŜǉǳŜƴŎȅ ǎŜǘǘƛƴƎǎΦ ¢ƘŜ ǇŜǇǘƛŘŜ ƘȅŘǊƻƎŜƭǎΩ ƘŜƛƎƘǘ 

ranged between 4-5mm. 

 

2.14 ELISA for LCbʴ 

Cell culture supernatants were tested for the presence of cytokines. 

Supernatants were harvested from 2D and 3D cultures without disturbing cells 
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or hydrogels. Supernatant from the 2D culture were diluted 1:10 in reagent 

diluent, whereas 3D samples were diluted 1:2 reflecting the cellular response. 

 

96-well high-binding plates were coated with capture antibody (1:100 in PBS), 

at 100 µL / well and incubated overnight at room temperature. The following 

day, the capture antibodies were removed and the plate was blocked with 300 

µL reagent diluent (see table 2.5 for composition) for 1 hour at room 

temperature. After the removal of the reagent diluent, 100 µL of diluted samples 

and prepared standard (31-2000 pg/ml in reagent diluent) were added and 

incubated for 2 hours at room temperature. Plates were washed five times with 

washing buffer, before addition of 100 µL detection antibody (1:100 dilution in 

reagent diluent) and incubation (2 hr, room temperature). Plates were washed 

another five times, followed by the addition of 100 µL of poly-HRP-streptavidin-

HS (1:1000 in reagent diluent) for 30 minutes. After further washing, 100µL of 

TMB substrate solution was added and incubated in the dark at room 

temperature. The plate was monitored for colour change in the standard 

samples. The process was stopped with 50 µL of stop solution (1M of 2NH2SO4) 

once the gradient from the highest to the lowest concentration of the standard 

samples was visible. Optical densities were determined by absorbance at 450nm 

with Infinite F50 Tecan microplate reader.  
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2.15 ELISA for IL-10  

 
The 96-well high-binding plate was coated with 100 µL of capture antibody 

diluted at 1:180 in DPBS, and incubated overnight at room temperature. The 

following day the plate was washed three times with washing buffer, and 

blocked with 300 ˃L reagent diluent for 1 hour. Plate was washed three times, 

and 100 µL of diluted samples (1:10 for 2D, non-diluted from 3D culture) and 

standards (31.2-2000 pg/ml in the reagent diluent) were added and incubated 

for 2 hours. The plates were washed three times with washing buffer, before 

addition of 100 µL detection antibody (diluted at 1:180 in the reagent diluent) 

and incubation for 2 hours at room temperature. Plates were washed for three 

times and 100 µL streptavidin-HRP (diluted at 1:200 in the reagent diluent) was 

added and incubated for 20min in the dark, followed by the washing step again. 

TMB substrate solution and plate development were finished in the same way 

ŀǎ 9[L{! LCbʴ ǇƭŀǘŜǎΦ ¢ƘŜ ŜƴǘƛǊŜ ŀǎǎŀȅ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊature.  

 

2.16 ELISA for IL-12p40 

 
The 96-well high-ōƛƴŘƛƴƎ ǇƭŀǘŜ ǿŀǎ ŎƻŀǘŜŘ ǿƛǘƘ млл ˃[ ŎŀǇǘǳǊŜ ŀƴǘƛōƻŘƛŜǎ 

(diluted at 1:250 in the coating buffer) and incubated at 4Cꜛ overnight. Plate was 

washed three times with the washing buffer, followed by addition oŦ нлл ˃[ ƻŦ 

assay diluent for the blocking step and incubation for 1 hour. Harvested 2D 

culture supernatants were diluted with an assay diluent by 1:50 dilution, 

whereas 3D culture sample was tested undiluted. Standards were prepared in 

the assay diluent with known concentrations ranging from 7.8-500 pg/ml. After 
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the washing step, 100 L˃ of samples and standards were aliquoted and 

incubated for 2 hours. The plate was washed five times and 100µL of detection 

antibody (1:500 dilution) with streptavidin-HRP (1:250 dilution) was added 

followed by 1 hour incubation. The plate was washed seven times with the 

washing buffer, followed by TMB substrate solution addition. The plate 

ŘŜǾŜƭƻǇƳŜƴǘ ǇǊƻŎŜǎǎ ǿŀǎ ŦƛƴƛǎƘŜŘ ƛƴ ǘƘŜ ǎŀƳŜ ǿŀȅ ŀǎ 9[L{! LCbʴ ŀƴŘ L[-10 

plates. The described procedure (apart from the coating step) was carried out at 

room temperature. 

 

2.17 Flow cytometry 

For 2D culture, cells were collected from wells and washed with PBS (added at 

an equal volume as the sample) at 300 x g for 10 minutes. Cells were 

reconstituted in 200µL of MACS buffer and stained with a panel of antibodies 

(Table 2.3). Separate samples were prepared for isotype controls ς antibodies 

matched the same class as the antibodies used for the marker detection. 

Isotype controls and antibodies against specific markers were also matched by 

fluorophores, concentrations and manufacturers. Stained samples were 

incubated (15 min at 4oC, in the dark) followed by addition of an equal volume 

of PBS for the washing step. Cells were reconstituted in a total of 200µL MACS 

buffer prior to flow cytometry.  

 

In order to stain cells from 3D cultures similar cells were first released from the 

hydrogel with an optimised method (section 2.18) and also stained with similar 

concentrations of antibodies to those from 2D culture.  A further irrelevant 
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isotype (not matched to any antibody-detecting marker) was included to exclude 

hydrogel debris from the analyses. Flow cytometry data were analysed with 

FlowJo version VX and v10.8. 

 

Extracellular marker 
detecting antibodies 
(Catalogue number) 

Isotype control 
(Catalogue 
number) 

Used volume (µL) 
per 200µL sample 

Manufacturer 

CD4+ APC (130-113-

772) 

IgG2a (130-113-

831) 

2 Miltenyi Biotec 

CD4+ PE (130-113-

241) 

IgG2a (130-113-

834) 

2 Miltenyi Biotec 

CD3+ FITC (170-081-

047) 

IgG2a (130-113-

833) 

2 Miltenyi Biotec 

CD8+ APC (130-113-

154) 

IgG2a (130-113-

831) 

2 Miltenyi Biotec 

CD25+ APC eFluor 

780 (47-0259-42) 

IgG1 (47-4714-82) 5 (isotypes were 

used at 1.25µL) 

eBioscience 

HLA-DR PE Cy7 (25-

9956-42) 

IgG2b 

(25-4732-81) 

5 (isotypes were 

used at 0.075µL) 

eBioscience 

HLA-DR VioBlue 
(130-133-968) 

IgG2a (130-113-
839) 

2 Miltenyi Biotec 

CD86+ FITC (130-
114-097) 

IgG2a (130-113-
833) 

2 Miltenyi Biotec 

CD86 PE (130-114-
098) 

IgG1 ((130-123-
746) 

2 Miltenyi Biotec 

Polyclonal Rabbit 
anti-mouse 
antibody FITC 
(F0232) 

/ 2 Dako 

Hydrogel debris 

exclusion (isotype 

control only) 

IgG1 VioBlue (130-
093-197) 

2 Miltenyi Biotec 

 

2.18 Peptide hydrogel degradation and cell release for flow 

cytometry 

 
Cells were released from the peptide hydrogel by using TrypLe 1x solution. 

TrypLE, a direct replacement of trypsin enzyme, was warmed to 37oC before the 

Table 2.3 Flow cytometry antibodies 
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hydrogel degradation process. 100 µL of supernatant was removed from each 

well for subsequent ELISA, then 200 µL/well TrypLE was added. TrypLE solution 

aided gel degradation during pipetting which facilitated distribution of TrypLE 

throughout the sample. Plates were incubated (10 minutes, 37oC) and content 

transfer to 50ml Falcon tubes. An additional 400 µL of normal T cell medium was 

added to degraded hydrogels prior to centrifuge (300 x g, 10 min). The 

resuspended pellet was exposed to a second round of degradation and 200µL of 

TrypLE added. After a further 10-minute incubation at 37oC with weashing, the 

hydrogel was exposed for the third and final time to the TrypLE. Once washing 

steps were completed, 200µL of total cell content (adjusted with PBS) was 

stained with antibodies and irrelevant isotype to exclude hydrogel debris from 

the analyses. The procedure of this developmental and optimising method is 

discussed in Appendix 1.  

 

2.19 Dead cell detection by propidium iodide (flow 

cytometry) 

 
Propidium iodide (stock 1mg/mL) was used to detect the dead cells upon binding 

to the DNA content of cells and analysed by flow cytometry [320]. At the 

conclusion of experiments, 200µL of the test sample was stained with 5µL of 

propidium iodide stock and incubated for 5 min. Cells were analysed 

immediately by flow cytometry. Dead cells (positive control) were prepared by 

(10 minutes, 98oC). After heating, cells were cooled to room temperature and 

stained with propidium iodide as above. 
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2.20 Live and dead staining of cells in the peptide hydrogel, 

and cell viability % calculation 

 
Cell viability in hydrogels was determined by using a two-colour fluorescence 

Live/Dead staining kit. The staining solution was prepared in 1mL PBS with 

м˃[κƳ[ ŎŀƭŎŜƛƴ !a ŀƴŘ н˃[κƳ[ ƻŦ ŜǘƘƛŘƛǳƳ ƘƻƳƻŘƛƳŜǊ ǘƻ ŘŜǘŜŎǘ ƭƛǾŜ ŀƴŘ ŘŜŀŘ 

cells respectively. Hydrogels were removed from wells, placed on  

glass coverslips, covered with an excess of staining solution and incubated in the 

dark for 10 min. Live cells were detected at an excitation/emission of 494/517 

nm, and dead cells at 526/617 nm using a 10x objective by Nikon Eclipse TS100 

microscope (Nikon Instruments Europe) with a Nikon Digital Sight DS-Fi1 

camera. Images were acquired from three different regions of interest (ROI) per 

hydrogel, then processed by ImageJ software to assess cell viability percentage.  

The procedure of image processing is described in Graph 2.4, where live and 

dead cell counts (distinguished by different fluorescent channels) were obtained 

to calculate the cell viability % as follows: 

Ϸ ὅὩὰὰ ὠὭὥὦὭὰὭὸώ
ὰ

ὰ Ὠ
ρππ 

ǿƘŜǊŜ άƭέ ƛǎ ƭƛǾŜΣ ŀƴŘ άŘέ ƛǎ ŘŜŀŘ ŎŜƭƭǎ [306]. Data were plotted with average % 

Cell Viability numbers calculated from the three ROIs of the hydrogel sample.



102 
 

Graph 2.4: Live/Dead image processing steps to count cells within the peptide gel. From the same region of interest (ROI) the image was split into 

two channels representing live cells (stained by calcein AM) and dead cells (stained by ethidium homodimer). The image was processed to 16-

bit, followed by a threshold to remove the noise background and distinguish individual cells. Next, the image was turned to the binary to make 

a two-ŎƻƭƻǳǊ ƛƳŀƎŜΣ ǿƘƛŎƘ ŀƭǎƻ ǊŜŘǳŎŜŘ ǘƘŜ ōŀŎƪƎǊƻǳƴŘ ƴƻƛǎŜΦ LƳŀƎŜW ǘƻƻƭ Ψ!ƴŀƭȅǎŜ ǇŀǊǘƛŎƭŜǎΩ ǿŀǎ ǎŜƭŜŎǘŜŘ ǘƻ ŘŜŦƛƴŜ ǘƘŜ ǎƛȊŜ ƻŦ ŎŜƭls (termed 

ΨƛƴŦƛƴƛǘȅΩύ ŀƴŘ ǘƘŜ ǎƘŀǇŜ ƻŦ ŎŜƭƭǎ όǘŜǊƳŜŘ ΨŎƛǊŎǳƭŀǊƛǘȅΩύ ōŜŦƻǊŜ ǘƘŜ ŎŜƭƭ ŎƻǳƴǘΦ !ŦǘŜǊ ǘƘŜ ŎƻǳƴǘΣ ŀƴ ΨhǳǘƭƛƴŜΩ ƛƳŀƎŜ ǿŀǎ ǇǊƻŘǳŎŜŘΣ ǿƘƛŎƘ ƛƴŘƛŎŀǘŜŘ 

ǘƘŜ ǎƻŦǘǿŀǊŜΩǎ ŎƻǳƴǘŜŘ ǎǇƻǘǎΦ ¢ƘŜ ΨhǳǘƭƛƴŜΩ ƛƳŀƎŜ ǿŀǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ōƛƴŀǊȅ ƛƳŀƎŜ ŦƻǊ ŀƴȅ ƳƛǎǎƛƴƎ ŎƻǳƴǘǎΦ LŦ Ŏƻǳƴǘǎ ǿŜǊŜ Ƴƛǎsing, new 

adjustments (separating joined cells) or parameters (infinity and circularity) were defined again to produce a more accurate count. The values 

ŦƻǊ ΨƛƴŦƛƴƛǘȅΩ ŀƴŘ ΨŎƛǊŎǳƭŀǊƛǘȅΩ ǿŜǊŜ Ŏƻƴǎǘŀƴǘ ǇŜǊ ǘƘŜ ŎƻƴŘǳŎǘŜŘ ŜȄǇŜǊƛƳŜƴǘΦ ¢ƘŜ ǎŎŀƭŜ ōŀǊǎ ǇǊŜǎŜƴǘŜŘ ƘŜǊŜ ŀǊŜ млл˃ƳΦ ¢ƘŜ ƳŜǘhod was adapted 

from Christine Labno (2020) [321]. 
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2.21 DC staining with PKH26 

 
PKH26 red fluorescent cell linker was used to label DC before hydrogel 

encapsulation. PKH26 interacts with long aliphatic tails of lipids and mainly stains 

the plasma membrane [322]. Before the assay, all reagents from the kit were 

warmed to room temperature. 2x107 cells were collected into 15 Falcon tubes 

and washed in RPMI medium without serum (400 x g, 5 min). The supernatant 

was removed and the cell pellet gently reconstituted with 1mL of Diluent C. In a 

separate tube, 1mL of Diluent C was mixed with 4µL of PKH26 dye (1x10-6M). 

1mL of PKH26 was swiftly added to 1mL of cell suspension, wrapped with foil 

and rotated at 15rpm for 5 min. Staining was stopped by adding 10mL of serum-

free RPMI prior to washing (400 x g, 10 min). Supernatants were carefully 

removed and cell pellets dislodged with an additional 10mL medium. The 

content was transferred to a new Falcon tube and washed twice (400 x g, 5 min). 

Only iDCs were stained with PKH26 which were later stimulated for mature DCs 

(mDCs) differentiation. 

 

2.22 T cell stimulation with mitogens (positive control) 
 

Prior to the encapsulation in the hydrogel, T cells were stimulated for 12 hours 

ǿƛǘƘ ta! όнрƴƎκƳƭύ ŀƴŘ LƻƴƻƳȅŎƛƴ όлΦр˃ƎκƳƭύ ƛƴ ¢ ŎŜƭƭ ƳŜŘƛǳƳ ǎǳǇǇƭŜƳŜƴǘŜŘ 

with IL-2 (30 U/ml). A suspension of T cells (1x106 /mL) was aliquoted (1mL) into 

12-well plates, followed by the addition of another 1mL of T cell medium 

containing 2x concentration of stimuli. Resting T cells were incubated for 12 
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hours in medium alone. Mitogen-stimulated T cells were used as a positive 

control in the peptide hydrogels.  

 

2.23 Multiple lymphocyte reaction (MLR) with artificial and 

actual APC  

 
Resting T cells stained with CFSE were encapsulated with DC (immature, mature, 

drug-treated) or artificial APC (antibody-coated polystyrene beads) in hydrogel. 

For encapsulation, T cells (1.875x106) were prepared in 125µL T cell medium and 

combined with APC. The quantity of APCs was adjusted according to the desired 

ratio to the T cells in the peptide hydrogel. For 2D culture, the cell density and 

ratio of cells were matched to those in 100 µL peptide hydrogel and set up in a 

96-well plate. Both 2D and 3D cultures required medium replacement every 3-4 

days during the experiment. 

 

2.24 Confocal microscopy, 3D imaging and 

immunocytochemistry  

 
Co-cultures of labelled CFSE-T cells and PKH26-DC in hydrogels were set up for 

7 days in glass-bottomed 96-well ǇƭŀǘŜǎΦ hƴ ǘƘŜ Ŧƛƴŀƭ ŘŀȅΣ млл ˃[ ƳŜŘƛǳƳ ǿŀǎ 

removed and replaced with the same volume of PBS.  This washing step was 

ǊŜǇŜŀǘŜŘ ǘǿƛŎŜΦ !ŦǘŜǊ ǘƘŜ ƭŀǎǘ ǿŀǎƘΣ млл ˃[ ƻŦ п҈ ǇŀǊŀŦƻǊƳŀƭŘŜƘȅŘŜ ǎƻƭǳǘƛƻƴ 

was added and incubated for 1 hour at room temperature in the dark. The fixing 

solution was washed away with PBS before imaging. Samples were analysed by 

Leica SPE11 confocal microscope to determine the distribution of fluorescently 

labelled cells within the hydrogel. 500µm of Z-stack images were produced with 
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10x objective, starting from the top and moving towards the middle of the 

hydrogel. Z-stacks were processed with an optical section set at 12.85µm and z-

step sizes at 4.28µm. Collected images were processed with ImageJ software.  

 

Other experiments analysed Ki67 (proliferation marker) expression on T cells 

after stimulation by artificial APC in peptide hydrogels. The experiment was set 

up with T cells to artificial APC at ratio 1:2 (T cells:APC) in a 96-glass bottom plate 

and incubated for 7 days. On the final day, medium was removed from the 

ǇŜǇǘƛŘŜ ƘȅŘǊƻƎŜƭǎ ŀƴŘ ǿŀǎƘŜŘ ƻƴŜ ǘƛƳŜ ǿƛǘƘ млл ˃[ t.{Φ bŜȄǘΣ мллµL of 4% 

paraformaldehyde was added to the wells and incubated for 1 hour at room 

temperature, in the dark. The excess of fixative solution was removed and 

washeŘ ƻƴŎŜ ǿƛǘƘ млл ˃[ t.{Φ ¢ƘŜ ƘȅŘǊƻƎŜƭ ǿŀǎ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ǎƳŀƭƭ Ǝƭŀǎǎ ŘƛǎƘ 

suitable for imaging and immersed in blocking buffer (see Table 2.5 for 

composition) for 1 hour at room temperature, in the dark. Blocking buffer was 

removed and 200˃ [ ƻŦ primary antibody targeting Ki67 (diluted 1:100 in blocking 

buffer) was added. The dish was covered with parafilm and aluminium foil and 

incubated overnight at 4oC. Excess staining solution was removed and washed 

ǘǿƛŎŜ ǿƛǘƘ нлл ˃[ ōƭƻŎƪƛƴƎ ōǳŦŦŜǊ όр ƳƛƴǳǘŜǎ ƛƴŎǳōŀǘƛƻƴ for the final wash). 

Secondary antibody polyclonal anti-mouse Alexa Fluor 633 (1:400 dilution in 

ōƭƻŎƪƛƴƎ ōǳŦŦŜǊΣ ǘƻǘŀƭ нлл˃[ύ ǿŀǎ ŀŘŘŜŘ ŀƴŘ ƛƴŎǳōŀǘŜŘ ƻǾŜǊƴƛƎƘǘ ŀǘ пoC. The 

ƴŜȄǘ ŘŀȅΣ ƘȅŘǊƻƎŜƭǎ ǿŜǊŜ ǿŀǎƘŜŘ ǘǿƛŎŜ ǿƛǘƘ млл ˃[ t.{ ŀƴŘ ŀƴŀƭȅǎŜŘ ǳǎƛƴƎ ŀ 

Nikon AX confocal microscope, 10x objective. 
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2.25 Coating plates with fibronectin and collagen type I and 

analyses of co-stimulation effect on T cells 

 
Fibronectin from bovine plasma and rat tail collagen type I was used to coat 96-

well high-binding plates. First, working concentrations of collagen and 

fibronectin were prepared separately in non-high binding 96-well plates. During 

the coating procedure, all proteins and the 96-well plates were incubated on ice 

to prevent protein polymerisation. Plasma fibronectins were resuspended at 

100µg/mL in PBS and 150µL aliquoted / well. Fibronectin stock was serially 

diluted with cold PBS as required. Collagen type I was prepared at 100µg/mL by 

mixing 33µL of collagen stock (3mg/mL) with 100µL of 10X PBS, 0.825µL of 1M 

NaOH and 866 µL of distilled sterile water. The preparation of various collagen 

concentrations followed the same steps as for the fibronectin. Dilutions of 

matrix proteins were transferred to 96-well high-binding plates, wrapped with 

parafilm and incubated overnight at 4oC [323]. The following day, the plate was 

equilibrated for 2 hours at room temperature to complete coating and protein 

polymerisation. Before seeding T cells and artificial APC (coated with 1µg/mL 

anti-CD3), wells were washed three times with 200 ˃ [ PBS.  CFSE labelled T cells 

were prepared at 1.5x106/ml in T cell medium and aliquoted to the protein-

coated plate with APC (ratio 1:0.125) and incubated for 5 days at 37oC, 5% CO2. 

Anti-CD3 and anti-CD28 coated APC were used as a positive control, whereas 

resting T cells were used as a negative control. On day 5 cells were analysed by 

flow cytometry.  
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2.26 Functionalising peptide hydrogel with collagen type I 

and plasma fibronectin 

 
Stock solutions (1mg/mL) of collagen type I and fibronectin were prepared and 

stored on ice. 250µL medium containing T cells, artificial APC (coated with 

30µg/ml of CD3) and both matrix proteins were prepared for 1ml peptide 

hydrogel. For example, to make 33µg/ml of functionalised hydrogel with 

fibronectin and collagen type I, 1ml of peptide hydrogel received 41.24µL of 

fibronectin prepared stock, 41.24µL of collagen type 1, 80µL of T cell suspension 

and 80µL of artificial APC, making total 250µL. During the encapsulation process, 

first matrix proteins were mixed into the hydrogel followed by the addition of T 

cells and artificial APC on the top of the gel. The whole content was gently mixed 

and aliquoted 100µL per well into a 96-well plate. For this experiment, CFSE 

labelled T cells at 1.5x106/ml were encapsulated with artificial APC at a ratio 

1:0.25 and incubated for 7 days at 37oC 5% CO2. Medium was changed on days 

о ŀƴŘ пΤ ƻƴ ǘƘŜ Ŧƛƴŀƭ ŘŀȅΣ ǘƘŜ ǎǳǇŜǊƴŀǘŀƴǘ ǿŀǎ ŎƻƭƭŜŎǘŜŘ ŦƻǊ LCbʴ ŎȅǘƻƪƛƴŜ 

ŀƴŀƭȅǎŜǎΦ IȅŘǊƻƎŜƭ ǿŀǎ ŦǳǊǘƘŜǊ ǇǊƻŎŜǎǎŜŘ ǘƻ ŀƴŀƭȅǎŜ ¢ ŎŜƭƭǎΩ ǇǊƻƭƛŦŜǊŀǘƛƻƴ 

response in the presence of stimulus and matrix proteins by flow cytometer.  

 

2.27 Statistical analyses 

 
Statistical analyses were undertaken with GraphPad Prism version 9. Data 

normal distribution was tested by the Shapiro Wilk test and p<0.05 were classed 

ŀǎ Ψƴƻƴ-ƴƻǊƳŀƭƭȅ ŘƛǎǘǊƛōǳǘŜŘΩΣ ǿƘŜǊŜŀǎ ǇҔлΦлр ŘŜǘŜǊƳƛƴŜŘ ƴƻǊƳŀƭ ŘƛǎǘǊƛōǳǘƛƻƴΦ 

If acquired data were non-normally distributed, the skewness test was run to 
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indicate the level of skewness. This is to determine the appropriate equation for 

data transformation so that parametric tests could be used to analyse the 

significance of data. Rheology data of the peptide gels were tested with an 

unpaired, two-tail t-test. The choice of statistical tests analysing cellular 

response data varied amongst experiments. Figure legends indicate the types of 

tests were used to analyse specific data. A normally paired, two-tail, t-test or 

repeated measures (RM) Two-way or One-way ANOVA tests were used. The 

significance was determined if p-value was less than 0.05. The approach of 

statistƛŎŀƭ ŀƴŀƭȅǎŜǎ ǿŀǎ ŘƛǎŎǳǎǎŜŘ ŀƴŘ ŀŘǾƛǎŜŘ ōȅ Ψ{ŎƘƻƻƭ {ǘŀǘƛǎǘƛŎǎ !ŘǾƛŎŜΩ ōŀǎŜŘ 

at University of Nottingham. 

 

 

Reagent Manufacturer and catalogue number 

Histopaque 1077 Sigma-Aldrich, 10771 
5ǳƭōŜŎŎƻΩǎ ǇƘƻǎǇƘŀǘŜ ōǳŦŦŜǊŜŘ ǎŀƭƛƴŜ 
(DPBS) 

Sigma-Aldrich, D8537 

Trypan Blue ThermoFisher, Gibco, 15250061 
CD4+ human microbeads (CD4+ T cell 
isolation) 

Miltenyi Biotec, 130-045-101 

CD14+ human microbeads (CD14+ 
monocyte isolation) 

Miltenyi Biotec, 130-050-201 

LS columns Miltenyi Biotec, 130-042-401 
LD columns Miltenyi Biotec, 130-042-901 
MS columns Miltenyi Biotec, 130-042-201 
IL-2 cytokine In house produced (stock 5x105 U/mL, 

2316198, JR338) 
IL-4 cytokine Immunotools 11340042 
GM-CSF cytokine Peprotech 300-03 
Poly:I:C (TL3) Invivogen 
R848 (TLR 7/8) Invivogen 
Dexamethasone 4mg/ml Organon, UK (Clinical grade) 
p38 inhibitor (BIRB196)  Selleck chemicals S1574 
20µm polystyrene particles Polysciences, Inc., 18329 
Anti-human CD3 Clone: OKT3, Mouse IgG2a, in-house 
Anti-human CD28 Clone: CD28.2, NA/LE, Mouse IgG1, BD 

Biosciences or Clone: YTH913.2, Rat 
IgG2b, in-house 

Anti-human CD55 Clone:791T/36, Mouse IgG2b, in-house 

Table 2.4 List of reagents used for research  



109 
 

FEFEFKFK peptide powder Cambridge Research Biochemicals and 
Pepceuticals 

UltraPure distilled water Fischer scientific, Invitrogen, 11538646 
1M Sodium hydroxide Sigma-Aldrich, S2770 
10X PBS ThermoFisher, Gibco, 70011-036 
3H-Thymidine PerkinElmer, NET027001MC 
Scintillating Fluid Microscint PerkinElmer 86-15071 
Sodium dodecyl sulfate (SDS) Sigma-Aldrich, 436143 
Cell Trace CFSE ThermoFisher, Invitrogen, C34554 
Dymethyl sulfoxide (DMSO) Sigma-Aldrich, D2650 
24-well inserts with 1µm pore Greiner Bio-One, International, 662610 
L-glutamine Sigma-Aldrich, G7513 
HEPES buffer Sigma-Aldrich, H0887 
Fetal bovine serum (FBS, for T cells) ThermoFisher, Gibco, 10270-106 
Fetal bovine serum (batch tested for DC) Sigma-Aldrich, F6178 
9[L{! ƘǳƳŀƴ LCbʴ Immunotools, 31673539 
ELISA  human IL-10 R&D systems, DY217B 
ELISA human IL-12p40 BD Biosciences, 555171 
Sulphuric acid 5M (2NH2SO4) Fisher chemical, 12963634 
96-high binding well plates (EIA/RIA) Costar, 3590 
Bovine serum albumin (BSA) Sigma-Aldrich, A/906-100G 
Tween 20 Sigma-Aldrich, P1379 
PBS tablets Oxoid, BR0014G 
TMB substrate solution BD Bioscience, 555214 
1M of 2NH2SO4 (ELISA stop solution) Fischer scientific, 10666072 
TrypLE 1x, phenol red  ThermoFisher, Gibco, 12605028 
Propidium iodide Sigma-Aldrich, P4864 
Paraformaldehyde Thermo Scientific, J19943.K2 
LIVE/DEAD staining kit ThermoFisher, L3224 
PKH26 red fluorescent cell linker kit Sigma-Aldrich, MINI26 
PMA Sigma Aldrich, P1585 
Ionomycin Sigma Aldrich, I0634 
Glass-bottom 96-well plate for 
microscopic imaging 

Fischer Scientific, 13539050 

Anti-human Ki67 primary antibody Abcam, ab279653 
Anti-mouse Alexa-Fluor 633 ThermoFisher, Invitrogen, A-21052 
Fibronectin bovine plasma Sigma-Aldrich, F1141 
Rat tail collagen type I ThermoFisher, Gibco, A1048301 
RPMI 1640 Sigma, R8758 
EDTA 0.5M ThermoFisher, Invitrogen, 15575-020 
Sodium Pyruvate Sigma-Aldrich, S8636 
Penicillin/Streptomycin  Sigma-Aldrich, P4333 

 

 

Medium and buffers Composition 

T cell medium 500mL RPMI, 1% L-Glutamine, 1% 
penicillin/streptomycin, 2% HEPES 
buffer, 1% sodium pyruvate, 10% FBS (T 
cells) 

Table 2.5 List of medium and buffers 

Table 2.4 List of reagents used for research (continue) 
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Dendritic cell (DC) medium 500ml RPMI, 10% FBS for DC, 1% 
sodium pyruvate 

MACS buffer 500mL DPBS, 0.5% FBS, 2mM EDTA 
0.5M NaOH 1:2 dilution of 1M NaOH with distilled 

sterile water (UltraPure) 
Washing buffer (ELISA) PBS with 0.05% Tween20 
Blocking buffer 
(Immunocytochemistry) 

PBS with 0.1% Triton, 0.5% BSA 

Reagent diluent and blocking buffer 
ό9[L{!Σ LCbʴύ 

PBS, 2% BSA and 0.05% Tween20 

Reagent diluent (ELISA, IL-10) PBS with 1% BSA 
Assay diluent (ELISA, IL-12p40) PBS with 10% FBS 
Coating buffer (ELISA, IL-12p40) 0.1M sodium carbonate (mixing 7.13g of 

sodium bicarbonate, 1.59g of sodium 
carbonate in 1L distilled water) and 
adjusting pH to 9.5 with 10N sodium 
hydroxide.  

 

 

 

Materials Supplier and catalogue number 

96-well UniFilter plate PerkinElmer, 6055690 (for 3H-Thymidine) 
96-well high binding plate Corning, 3590 (for ELISA) 
96-well glass bottom, optically clear 
plate 

PerkinElmer,  6055302 (for fluorescence 
microscopy) 

 

 

 

  

Table 2.6 List of experiment specific 96-well plates 

Table 2.5 List of medium and buffers 
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Chapter 3: Proof-of-principle: peptide 

hydrogel use for T cell culture  

 

3.1 Introduction  
 

Self-assembling peptide hydrogels were used to culture various cell lines, but 

there is a paucity of research studying immune cells, especially T cells [306, 308, 

311, 312, 324-326]. Various biomaterials were investigated for their capacity to 

establish 3D T cell function; all of which permitted some or all of T cell responses 

(i.e. proliferation, migration, effector functions), which were heavily influenced 

by the type of the material [161, 164, 166, 277, 327-330]. Unmodified and 

adjustable hydrogel with mechanical stiffness would be ideal for 3D T cell culture 

studies, since these cells are commonly found to work their function in various 

tissue microenvironments. To this point, it is unknown whether peptide 

hydrogel is suitable for culturing primary human T cells, especially under 3-

dimensional (3D) culture settings.  

 

The majority of peptide hydrogel-related research with primary immune cells 

was done for the vaccine purposes. Different peptide units (i.e. RVQV, 

multipeptide from KRAD, poly-L-lysine with Fmoc-FF, PEG-b-poly(L-alanine) 

(polypeptide), Nap-GFFY D-peptides) bearing antigens were used to prime the 

immune responses [249, 331-335]. However, even if the peptide hydrogels do 

get recognition as the vaccine prototype to modulate immunity, no research has 
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explored the potential of FEFEFKFK peptide hydrogels on instructing the immune 

cells under 3D culture. Furthermore, only a limited number of studies explored 

the biocompatibility of encapsulated immune cells; they do not evidence 

enough data to predict the consequences of using peptide hydrogels, especially 

FEFEFKFK  [332, 336, 337].  

 

Due to marked differences in composition and gelation process between 

peptide hydrogels, the FEFEFKFK effect on primary immune cells remains to be 

determined [336]. One of the features of the peptide hydrogel that must be 

considered is high pH during the cell encapsulation process [310]. One study 

reported how T cell proliferation and CD25 (IL-2 receptor) expression were 

inhibited by small pH variations (from 7.0 to 7.4 pH) [338]. This should be taken 

ƛƴǘƻ ŀŎŎƻǳƴǘ ǿƘŜƴ ¢ ŎŜƭƭǎ ŀǊŜ ŜȄǇƻǎŜŘ ǘƻ ǇǊŜŎǳǊǎƻǊ C9C9CYCY ƘȅŘǊƻƎŜƭΩǎ ǇI ǎƛƴŎŜ 

ƛǘ ŎƻǳƭŘ ŀŦŦŜŎǘ ŎŜƭƭǎΩ Ǿƛŀōƛƭƛǘȅ ŀƴŘ ŦǳƴŎǘƛƻƴΦ !ƴƻǘƘŜǊ ŦŜŀǘǳǊŜ ƻŦ ǘƘŜ ƘȅŘǊƻƎŜƭ ǘƻ 

ŎƻƴǎƛŘŜǊ ƛǎ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ǎǘƛŦŦƴŜǎǎ ƭŜǾŜƭΣ ǿƘƛŎƘ ŎƻǳƭŘ ƛƴŦƭǳŜƴŎŜ ΨƳŜŎƘŀƴƻǎŜƴǎƛƴƎΩ 

T cells activity [164, 330, 339]. Few studies already showed opposing results on 

Ƙƻǿ ¢ ŎŜƭƭǎΩ ŀŎǘƛǾƛǘȅ ǿŀǎ ƛƴŦƭǳŜƴŎŜŘ ōȅ ƳŀǘŜǊƛŀƭΩǎ ƘƛƎƘ ǎǘƛŦŦƴŜǎǎ ƭŜǾŜƭ ŜΦƎΦ ŎƻƭƭŀƎŜƴ 

type I hydrogel suppressed T cells proliferation, whereas alginate hydrogel 

enhanced it [161, 164]Φ .ŜǎƛŘŜǎ ƘȅŘǊƻƎŜƭΩǎ ǎǘƛŦŦƴŜǎǎΣ ōƛƻƳŀǘŜǊƛŀƭΩǎ ŀǊŎƘƛǘŜŎǘǳǊŜ 

could effect cells as well, as collagen type I provided a fibrillar network, whereas 

alginate had a porous scaffold. FEFEFKFK peptide hydrogel has a nanofibrous 

structure and the outcome of material on T cells needs to be investigated [302, 

307]. In addition, due to its nanofibrous structure it is unknown whether peptide 

hydrogels could support effective metabolite diffusion and waste product 
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ǊŜƳƻǾŀƭ ǘƻ ǎǳǇǇƻǊǘ ¢ ŎŜƭƭǎ ŀŎǘƛǾƛǘȅΦ hǾŜǊŀƭƭΣ ǇŜǇǘƛŘŜ ƘȅŘǊƻƎŜƭΩǎ ŎƘŜƳƛŎŀƭΣ 

mechanical and architectural properties on T cells needed to be investigated.  

 

Another question that remains is whether FEFEFKFK type hydrogel can support 

basic T cell function i.e. induced cell activation by stimuli. One study explored T 

cell activation by stimulation using OVA peptide conjugated to the nanofiber of 

the peptide hydrogel (made from RVQV peptide sequence) [335]. DCs processed 

the OVA-peptide and activated CD8+ T cells in vitro. However, in this study cells 

were not encapsulated in the material; rather they were mixed in cell culture 

with fully-formed fibres carrying the OVA-peptide. The purpose of this study was 

to produce the material suitable for immunisation and deliver peptides to induce 

an immune response. To date no other literature describes immune cell 

stimulation within the peptide hydrogels, which could give some indication of 

ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ƛƴŦƭǳŜƴŎŜ ƻƴ ŎŜƭƭǎΦ {ƻƳŜ ǎǘǳŘƛŜǎ ƘŀǾŜ ǇǊƻǾŜƴ ǘƘŜ ŀōƛƭƛǘȅ ƻŦ 

FEFEFKFK hydrogel to modify other cell line behaviour. For example, Diaz et al. 

όнлмсύ ǎƘƻǿŜŘ C9C9CYCY ƘȅŘǊƻƎŜƭΩǎ ŀōƛƭƛǘȅ ǘƻ support the differentiation of 

mesenchymal stem cells into osteoblasts in the presence of osteogenic media 

[312]. Burgess et al. (2021) demonstrated differentiation of cardiac progenitor 

cells and He et al. (2022) ǎƘƻǿŜŘ ƘŜǇŀǘƻŎȅǘŜǎΩ ǊŜǎǇƻƴǎŜ ǘƻ ŎƘƻƭŜǎǘŀǘƛŎ ŘǊǳƎǎ ōȅ 

altering their production of albumin and urea [308, 324]. These studies were 

dependent on good supplements or drug diffusions to support stem cells, 

progenitor cells differentiations, and hepatocyte drug treatment. This indicated 

FEFEFFKF hydrogel's ability to retain biological activity of added molecules to 

modify cell behaviour in 3D cultures. In addition, the reported studies cultured 
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cells for 6 or 12 days, iƴŘƛŎŀǘƛƴƎ ǘƘŜ ƘȅŘǊƻƎŜƭΩǎ ŀōƛƭƛǘȅ ǘƻ ǎǳǇǇƻǊǘ ƎƻƻŘ ƴǳǘǊƛŜƴǘ 

exchange and waste product removal for the encapsulated cells. 

 

hƴ ǘƘŜ ōŀǎƛǎ ƻŦ ΨǇǊƻƻŦ-of-ǇǊƛƴŎƛǇƭŜΩ ǘƘŜ ŎǳǊǊŜƴǘ ŀƛƳ ƻŦ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ƛǎ ǘƻ ŀƴŀƭȅǎŜ 

ǘƘŜ ǇŜǇǘƛŘŜ ƎŜƭǎΩ ǎǳƛǘŀōƛƭƛǘȅ ŀǎ ŀ о5 ŎǳƭǘǳǊŜ ǎȅǎǘem for primary human T cells.  

First, the viability of T cells under different alkaline conditions was assessed to 

predict how well T cells can withstand the various pH changes that occur during 

the formation of gels. Further studies aimed to address the relationship between 

peptide gel densities and stiffness levels on T cells to identify the optimal 

FEFEFKFK density able to support active T cell cultures. In addition, peptide 

ƘȅŘǊƻƎŜƭΩǎ ŜŦŦŜŎǘ ǿŀǎ ǘŜǎǘŜŘ ƻƴ ōƻǘƘ ǊŜǎǘƛƴƎ ŀƴŘ ǎǘƛƳǳƭŀǘŜŘ ¢ ŎŜƭƭǎΣ ŀǎ ǾŀǊƛƻǳǎ 

factors (chemical, mechanical and biological) could influence cell viability, 

metabolic and phenotypic states [327, 339]Φ !ŦǘŜǊ ǇŜǇǘƛŘŜ ƘȅŘǊƻƎŜƭΩǎ 

optimisation for T cell culture, further tests were set up to test ¢ ŎŜƭƭǎΩ ŀōƛƭƛǘƛŜǎ 

to respond to TCR stimulation and costimulation in a similar way to cells 

stimulated in 2D cultures, resulting in proliferation and cytokine production. 

 

This study was mainly carried out with CD4+ T cells, for the purpose to analyse 

thŜ ǇŜǇǘƛŘŜ ƘȅŘǊƻƎŜƭǎΩ ƛƴŦƭǳŜƴŎŜ ƻƴ ƻƴŜ ǇƘŜƴƻǘȅǇŜ ƻŦ ŎŜƭƭǎ ŀƴŘ ŀǾƻƛŘ ŀ ƳƛȄǘǳǊŜ 

of responses from different types of T cells. The main purpose of this study was 

to understand the feasibility of T cell 3D culture in the FEFEFKFK-type hydrogels. 
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3.2 Results 

 
3.2.1 Determining purity of CD4+ T cells post-isolation  

The effectiveness of magnetic cell isolations were routinely determined using 

antibodies to CD3 and CD4 markers with flow cytometry (Fig. 3.1 (a)).  Repeated 

isolations of T cells from the PBMCs population demonstrated the process to 

reliably deliver a high-purity single population of cells that were CD3+CD4+. 

CD4+ T cell purity post-isolation was routinely confirmed before establishing 

experiments (Fig. 3.1 (b)).  Whilst the efficiency of CD4+ isolations varied (i.e. 

some experiments yielded only 66.4% purity (Figure 3.1 (b)), the majority of 

isolations had > 90% CD4+ cells and only these were studied further.   
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Figure 3.1: The efficiency of isolation of CD4+ T cells from peripheral blood. PBMC 

cells were isolated from the donated human blood, and further processed with 

magnetic isolation to obtain a pure CD4+ T cell population. Isolated T cells were 

labelled with anti-human CD4+ APC and anti-human CD3+ FITC antibodies and 

analysed by flow cytometry. a) Gating strategy for the analysis of the purity of CD4+ 

T cells. All data was analysed by setting gate-excluding debris, followed by doublets 

exclusion. The isotype control gates (negative control) were set on the 5% contour 

boundary and applied on the sample stained with T cell markers. The purity of isolated 

CD4+ T cells was typically >90%. (b) Majority of post-isolations resulted in >90% of 

CD4+ T cells, anything below (red mark) were excluded from the experiments. 
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3.2.2 The effect of alkaline pH on the viability of resting T cells 

Precursor peptide hydrogels are maintained in contain alkaline conditions (~pH 

9.0) to stop the gelation process during the encapsulation of cells in hydrogels. 

The gelation of the peptide hydrogel occurred at pH 7 (37oC), as rendered by 

frequent media changes and CO2 presence. It was therefore important to 

account for the effect of elevated pH on the viability of T cells.   

 

T cells were exposed to the culture media containing alkaline pH, adjusted by 

the addition of 0.5M of NaOH. Cells were incubated for 24 hours and analysed 

by propidium iodide stain, which binds the DNA of dead cells, and flow 

ŎȅǘƻƳŜǘǊȅ ǘƻ ŀǎǎŜǎǎ ŎŜƭƭǎΩ ǾƛŀōƛƭƛǘȅΦ ¢ cells retained their viability after 24 hours 

exposure to high pH and viability was not significantly different to the cells 

incubated at pH 7.4 (Fig 3.2). Subsequent experiments requiring T cells were 

therefore conducted using this high-pH gelation method.
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** 

Figure 3.2: The effect of alkaline pH on T cell viability. Resting T cells were incubated 

for 24 hours (h) in media with alkaline pH, adjusted by 0.5M NaOH. Viability of cells 

were assessed by propidium iodide and flow cytometry, and compared against live 

and dead cells (heated for 10 min at 98oC). (a) Histogram plots from the flow 

cytometry presents T cell response to different pH from three donors. (b) A summary 

graph of all donors presents no significant effect of high pH on T cell viability. 

Statistical analyses was completed by One-ǿŀȅ !bh±! ǿƛǘƘ 5ǳƴƴŜǘΩǎ ŎƻƳǇŀǊƛǎƻƴ 

test. Each condition were compared against live cells/pH 7. Data presented as 

mean+SD, n=3 from three biologically independent donors, p<0.01 **. 
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3.2.3 The impact of the mechanical properties of peptide hydrogel 
on T cells 
 

The mechanical properties of peptide hydrogel were analysed by bulk oscillatory 

ǊƘŜƻƭƻƎȅΦ CƛǊǎǘΣ ǘƘŜ ƻǇǘƛƳǳƳ ǎǘǊŀƛƴ ʴ ό҈ύ ǊŜǉǳƛǊŜŘ ǘƻ ōŜ ŘŜŦƛƴŜŘΣ ǿƘƛŎƘ ƛǎ ǘƘŜ 

force required to yield a structural deformation of the matrix but still retaining 

the integrity of the material. If too much strain (%) is applied on the material, it 

ǿƛƭƭ ŎŀǳǎŜ ǘƘŜ ƛƴƴŜǊ ǎǘǊǳŎǘǳǊŜ ǘƻ ōǊŜŀƪ Řƻǿƴ όƛƴ ǘƘƛǎ ŎŀǎŜ ƘȅŘǊƻƎŜƭΩǎ ǇƻƭȅƳŜǊ 

destruction) and cause the material to permanently deform [340]. Thus, 

ŜȄŎŜǎǎƛǾŜ ǎǘǊŀƛƴ ʴ ό҈ύ ǿƻǳƭŘ ǊŜǎǳƭǘ ƛƴ ŀn altered readouts on the matŜǊƛŀƭΩǎ 

stiffness level (i.e. storage modulus (Pa)).  

 

Peptide hydrogels may be affected by the presence of serum proteins present 

in the culture medium, so previously established strain values on the material 

could not be used [311]. Different peptide hydrogel densities were used to 

determine the linear viscoelastic region for optimum strain, by using the 

amplitude sweep test with angular frequency set at 1 rad/s [311]. All hydrogels 

maintained their storage modulus under 1% strain (Fig. 3.3 (a)) until the 

increased strain value started to cause the mechanical disruption of the 

ƳŀǘŜǊƛŀƭΦ !ƭǎƻΣ ǘƘŜ ǎǘƻǊŀƎŜ ƳƻŘǳƭǳǎ ǾŀƭǳŜǎ όDΩύ ŎƻƴŦƛǊƳŜŘ ǘƘŜ ŜƭŀǎǘƛŎ όǎƻƭƛŘύ 

properties of the peptide hydrogels as they were above their corresponding loss 

ƳƻŘǳƭǳǎ ǾŀƭǳŜǎ όDΩΩύΦ CǳǊǘƘŜǊ ǊƘŜƻƭƻƎȅ ǎǘǳŘƛŜǎ ƻƴ ǘƘŜ ǇŜǇǘƛŘŜ ƘȅŘǊƻƎŜƭǎ ǿŜǊŜ 

analysed with the optimum strain set at 1% with an angular frequency of 1 rad/s. 
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As previously mentioned, peptide hydrogels were formed with the T cell medium 

(TCM) containing serum. Peptide hydrogel formation involves electrostatic 

interaction between fibrous peptide networks, and the presence of serum 

proteins may interfere with the gelation process. The impact of serum protein 

interactions with the peptides was tested and compared over a range of peptide 

concentrations (Fig. 3.3 (b-d)). The stiffness level of the hydrogels was not 

markedly affected by the presence of TCM, and the storage modulus was 

sustained with no significant difference when compared to the RPMI containing 

hydrogels. Similar observations were noted across different peptide hydrogel 

densities, indicating that serum proteins had no marked effect upon gelation. 

 

¢ƘŜ ǎǘƻǊŀƎŜ ƳƻŘǳƭǳǎ όDΩύ ƻŦ ǘƘŜ ǇŜǇǘƛŘŜ ƘȅŘrogels was determined before 

encapsulating T cells to assess the impact of material stiffness on T cell function.  

The hydrogels were encapsulated with TCM only and analysed 24 hours after 

the onset of the gelation process, similar to the conditions that T cells would be 

ŜȄǇƻǎŜŘ ǘƻ ƛƴ ǘƘŜ Ŧǳƭƭȅ ŦƻǊƳŜŘ ƎŜƭΦ ¢ƘŜ ǊŜǎǳƭǘǎ ƛƴŘƛŎŀǘŜŘ ǘƘŜ ƭŜǾŜƭ ƻŦ ǎǘƛŦŦƴŜǎǎ όDΩύ 

increased with higher concentration of peptide gel;  however there was only 

statistical significance between 6 mg/ml and 10 mg/mL hydrogels (Fig. 3.3 (e)). 

The average values of 6, 8 and 10 mg/ml were 283 Pa, 698 Pa and 871 Pa, 

respectively. There was some variation observed between experimental repeats 

as 6 mg/ml had a standard deviation (SD) of 123, which was still a significant 

difference to 10 mg/ml (SD±393). The most notable variation was present in 10 

mg/ml rather than 6 mg/mL and 8 mg/mL hydrogels.   
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Figure 3.3: Mechanical properties of the peptide hydrogels. Different concentrations 

(mg/ml) of peptide hydrogel were prepared and tested after 24 hours of gelation process 

with bulk oscillatory rheology. (a) Amplitude sweep test was set up to determine linear 

viscoelastic regions of the peptide gels and strain ɹ (%). 6mg/mL (b), 8mg/mL (c) and 

10mg/mL (d) peptide hydrogels (n=3) were encapsulated with TCM (contained serum) and 

compared their stiffness level against the same density hydrogels but encapsulated with 

RPMI medium only. No significant difference between two medium were achieved. (e) 

{ǘƛŦŦƴŜǎǎ ƭŜǾŜƭ όDΩύ ƻŦ ǘƘŜ ǇŜǇǘƛŘŜ hydrogels (n=5) significantly increased between 6 and 10 

mg/mL only. Statistical analyses: unpaired t-test (b-d) and One-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ 

post-hoc (e). Data presented as mean±SD, ** p<0.01. 
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3.2.4 Optimising peptide hydrogel density for T cell culture  

Optimal peptide hydrogel density was investigated for T cell culture, since 

specific cell lines required specific hydrogel density and stiffness level [306, 311, 

312]. In this experiment, activated and resting T cells were encapsulated in 

different peptide hydrogel densitƛŜǎ ǘƻ ŀƴŀƭȅǎŜ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ǎǳǇǇƻǊǘ ƻƴ 

proliferating and quiescent state T cells. Control 2D cultures were established 

ŀƭƻƴƎǎƛŘŜ о5 ŜȄǇŜǊƛƳŜƴǘǎ ŀǘ ǘƘŜ ǎŀƳŜ ŎŜƭƭ ŘŜƴǎƛǘȅ ŀƴŘ ǳǎŜŘ ǘƻ ƳƻƴƛǘƻǊ ¢ ŎŜƭƭǎΩ 

behaviour under the standard laboratory conditions. 

 

Resting and stimulated T cells were separately encapsulated at 0.5x106/mL in 

the peptide hydrogels and incubated for 5 days. Prior to the experiment, T cells 

were stimulated for 12 hours with PMA and Ionomycin; mitogen diffusion 

through the material was not tested. Microscopic images on day 1 showed 

relatively homogeneous distribution of encapsulated cells across the hydrogels 

(Fig. 3.4). On day 5, proliferating clusters of activated T cells were visible in all 

peptide hydrogels. The material itself was homogenous and without visible 

debris that could be confused for cells. 

 

Cell viability in the hydrogels were assessed by Live/Dead staining, followed by 

quantifying data (cell viability %) based on the total number of cells divided by 

viable cells (green) only (Fig. 3.5. (a-b)). All hydrogels supported resting and 

stimulated T cell viability with no significant difference by day 1. However, on 

day 5, resting T cell viability was significantly reduced, in comparison to 

stimulated cells, across all the peptide hydrogels. Stimulated T cells maintained 
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their viability in all hydrogels, but it was more evident with the 6 mg/mL 

hydrogel, which supported more cell viability than other densities. The results 

were not significantly different, but the trend on increased peptide hydrogel 

density (above 6 mg/mL) and reduced stimulated T cell viability was evident (Fig. 

3.5. (c)). 

 

The final observation on T cell culture in the peptide hydrogel was based on the 

cell count by flow cytometry. On day 5, cells were released from the peptide 

hydrogel and the whole sample was processed for the total cell count (Fig. 3.6. 

(a). Due to poor resting T cell viability in the peptide hydrogels, no cells were 

ŘŜǘŜŎǘŜŘ ƛƴ ǘƘŜ ΨŎŜƭƭ ƎŀǘŜΩ ǊŜƎƛƻƴ ōŀǎŜŘ ƻƴ н5 ŎǳƭǘǳǊŜ ŎŜƭƭǎΦ IƻǿŜǾŜǊΣ ǎǘƛƳǳƭŀǘŜŘ 

T cells from the peptide hydrogel had occurred in the same dot plot region as 

the 2D culture cells, and by looking at all donors, T cells were more frequently 

detected from the 6 mg/mL peptide gel than 8 or 10 mg/mL. In addition, T cell 

count was significantly greater in 6mg/ml than any other hydrogels (Fig. 3.6. (b). 

All donor cells were biologically active as indicated in control ς 2D cultures (Fig. 

3.6. (c). 

 

Overall, the optimal peptide gel density for T cell culture was 6 mg/mL because 

it supported better viability and expansion of proliferating cells. 
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Figure 3.4: Assessing T cell culture encapsulated in the peptide hydrogel. Mitogen stimulated and 

resting T cells were encapsulated in the hydrogels with different densities (mg/ml) and incubated for 5 

days. Brightfield microscopic images of T cells in the hydrogels show the individual cells by day 1, and 

proliferating clusters of stimulated T cells were visible by day 5. Hydrogels without cell culture provide 

a homogenous background. Cell culture images contain enlarged image sections (outlined red) to aid 

the visibility of cells. Images were collected with 10x magnification, scale bars set to млл˃Ƴ. 
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Figure 3.5: Analysing T cell viability (%) in the peptide hydrogel. Mitogen stimulated and 

resting T cells were encapsulated in the peptide hydrogels with different densities (mg/ml) 

and incubated for 5 days. (a) Fluorescence microscopy images of T cells stained with 

Live/Dead stain in the peptide gels on day 1 and 5. Cell viability % (b) was calculated from 

fluorescence images, produced from three biologically independent donors. (c) Summary 

graph of cell viability (%) of stimulated T cells across the hydrogels show no significant 

difference. Statistical significance was determined by with two-way ANO±! ǿƛǘƘ {ƛŘŀƪΩǎ 

comparison test,  mean±SD (b), and RM One-ǿŀȅ !bh±! ǿƛǘƘ ¢ǳƪŜȅΩǎ Ǉƻǎǘ-hoc and data 

presented with mean value only (c). Data composed from n=3, *p<0.05, **p<0.01. Scale 

bars set to млл˃Ƴ. 
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Figure 3.6: Determining the optimal peptide hydrogel density for T cell culture. Mitogen 

stimulated and resting T cells were encapsulated in the peptide hydrogels with different 

densities (mg/ml) and incubated for 5 days. On the final day, cells were released from the 

hydrogel by the TrypLe 1x solution and analysed by the flow cytometry. (a) Flow cytometry 

data presented ƛƴŘƛǾƛŘǳŀƭ ŘƻƴƻǊΩǎ T cells released from the hydrogels on day 5. No population 

of resting T cells were detected by the flow cytometer, apart from stimulated cells. (b) 

Summary graph of stimulated T cell counts released from the peptide hydrogels, and 2D 

culture cells (c). Cell counts from hydrogels were analysed by RM One-way ANOVA with 

TukŜȅΩǎ Ǉƻǎǘ-hoc (b), where 2D culture was analysed with two-tail, paired t-test (c), data 

presented as mean±SD, * p<0.05, n=5 from biologically independent donors. 
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3.2.5 Optimisation of resting T cell density in peptide hydrogel 

Previous data has shown poor survival of resting T cells in the peptide hydrogels, 

irrespective of their density. It is important to retain a viable resting T cell 

population as future studies rely on T cell stimulation within hydrogels. It was 

hypothesised that increased resting T cell density could improve T cell survival 

and retain viable cells for a prolonged incubation period [341, 342].  

 

Resting T cells were encapsulated at various cell densities in 6 mg/mL peptide 

hydrogels (Fig. 3.7). Over a 5day period, more viable cells were visible in 

hydrogels containing densities above 1.5x106 cell/mL. Gradual cell death was 

more evident with T cells seeded lower than 1.5x106 cells/mL in the peptide 

hydrogels (Fig. 3.7. (a-b)). The effect of increased cell density on the structure of 

peptide hydrogels was also observed on the same days as the cell viability assay 

(Fig. 3.7. (c-d)).  All cell densities changed the size of the peptide gels by day 5, 

but most of evident structural deformation was with lower cell densities 

(<1.5x106 cells/mL). However, media change could be a contributing factor as 

well, since hydrogel-only samples (no cells) did not retain their original size from 

day 1. In conclusion, resting T cell viability can be improved by increased cell 

density wiǘƘƻǳǘ ƛƳǇŀƛǊƛƴƎ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ǎǘǊǳŎǘǳǊŜΦ wŜǎǘƛƴƎ ¢ ŎŜƭƭǎ ŀǘ мΦрȄмл6 

cells/mL in 6mg/ml peptide gel was used for future experiments.
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Figure 3.7: Determining optimal resting T cell density in 6mg/mL peptide hydrogel. Resting 

T cells at various cell densities were encapsulated in 6mg/mL peptide hydrogels and 

ƛƴŎǳōŀǘŜŘ ŦƻǊ р ŘŀȅǎΦ hƴ ǘƘŜ Ŧƛƴŀƭ ŘŀȅΣ ŎŜƭƭΩǎ Ǿƛŀōƛƭƛǘȅ ǿŀǎ ƻōǎŜǊǾŜŘ ōȅ [ƛǾŜκ5ŜŀŘ ŀǎǎŀȅ ŀƴŘ 

fluorescence microscope. (a) Fluorescent images of resting T cells indicate live and dead 

cells in the peptide hydrogel. (b) From three different regions of the hydrogel, images were 

collected to calculate cell viability %. Resting T cells viability % was improved at high cell 

densities (from 1.5x106 cells/ml) in the material.  (c and d) Images and measurements of 

the peptide hydrogel structural change.  Peptide gels retained their structure even after 

encapsulating high density of cells. Scale bars are set at 100˃ Ƴ, data presented as 

mean±SD, n=1.  
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3.2.6 Coating polystyrene particles with stimulating T cell 

antibodies (artificial APC) and testing against alkaline 
conditions 
 

Classical T cell activation depends on the APC (e.g. dendritic cells) but these are 

frequently replaced with stimulating antibodies coated on to polystyrene beads 

or culture plates for 2D culture studies [328, 343, 344]. In this study, polystyrene 

particles (size 10µm) were coated with CD3 and CD28 antibodies to induce full 

T cell activation, and they are defined as artificial APC. There was a concern that 

the alkaline conditions of the precursor hydrogel could affect the biological 

activity of antibodies during the encapsulation process. Powdered hydrogel is 

dissolved at high pH (> pH 9), by adding NaOH, which prevents the interaction 

between negatively and positively charged amino acids of FEFEFKFK. At this 

stage, it allows a better content mixing within the material. Hydrogel gelation is 

achieved by medium exchange (which contains HEPES buffer, sodium 

bicarbonate) and the presence of CO2 gas neutralises excess NaOH and reduces 

the alkaline to neutral pH 7 [345, 346].  Alkaline pH of the precursor hydrogel 

may well have an adverse effect on any antibodies, resulting in a failure to 

stimulate the T cells. We therefore tested the effect of high pH on antibodies 

targeting CD3 and CD28 activity. 

 

First, by using a passive adsorption method, polystyrene particles were coated 

ǿƛǘƘ мл ˃ƎκƳƭ ƻŦ /5о ŀƴŘ мл ˃ƎκƳƭ ƻŦ /5ну ŀƴǘƛōƻŘƛŜǎΦ ¢ƘŜ ƴŜȄǘ ōŀǘŎƘ ŎƻƴǘŀƛƴŜŘ 

higher concentration of stimulatory molecules, where they have been coated 

ǿƛǘƘ ол ˃ƎκƳƭ ƻŦ /5о ŀƴŘ /5ну ŀƴǘƛōƻŘƛŜǎ [317]. Eventually, two batches of 
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artificial APC were prepared with high or low concentrations of stimuli, to 

indicate whether they could withstand alkaline pH and remain functional. The 

presence of antibodies on the particles were detected by using secondary anti-

mouse antibodies and flow cytometry. The percentage of coated particles with 

antibodies were analysed by using a gating strategy set on the particles only (0 

˃ƎκƳ[ ƻŦ ŀƴǘƛōƻŘƛŜǎύ όCƛƎΦ оΦтΦ όŀύύΦ фоΦп҈ ƻŦ ǇŀǊǘƛŎƭŜǎ ǿŜǊŜ ǇƻǎƛǘƛǾŜ ŦƻǊ 

ŀƴǘƛōƻŘƛŜǎ ŎƻŀǘŜŘ ǿƛǘƘ мл ˃ƎκƳ[Σ ǿƘŜǊŜŀǎ ол ˃ƎκƳ[ ŀŎƘƛŜǾŜŘ ǳǇ ǘƻ фтΦу҈ όCƛƎΦ 

3.7. (b)). In addition, ǘƘŜ aCL ǾŀƭǳŜ ƻŦ мл ˃ƎκƳ[ ŎƻƴŎŜƴǘǊŀǘƛƻƴ όaCLΥ рпΦфύ ǿŀǎ 

lower ǘƘŀƴ ǘƘŜ ǇŀǊǘƛŎƭŜǎ ŎƻŀǘŜŘ ǿƛǘƘ ол˃ƎκƳƭ όaCLΥ туΦрύΦ It is evident that by 

ƛƴŎǊŜŀǎŜŘ ŀƴǘƛōƻŘƛŜǎΩ ŎƻƴŎŜƴǘǊŀǘƛƻƴΣ ǘƘŜ ŦƭǳƻǊŜǎŎŜƴŎŜ ƛƴǘŜƴǎƛǘȅ ƛƴŎǊŜŀǎŜǎ ǘƻƻΣ 

ƛƴŘƛŎŀǘƛƴƎ ƳƻǊŜ ōƻǳƴŘ ŀƴǘƛōƻŘƛŜǎ ƻƴ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ǎǳǊŦŀŎŜΦ tŀǊǘƛŎƭŜǎ όл ˃ƎκƳ[ύ 

were only coated with a blocking buffer containing 0.05% of FCS serum in PBS.  

 

The alkaline pH effect on the antibodies was tested with the same method used 

ǘƻ ƛƴŘƛŎŀǘŜ ǘƘŜ ŜŦŦŜŎǘ ƻƴ ¢ ŎŜƭƭǎΩ Ǿƛŀōƛƭƛǘȅ όCƛƎΦ оΦнύΦ Lƴ ǘƘƛǎ ƛƴǎǘŀƴŎŜΣ ŀŦǘŜǊ ǘƘŜ 

exposure to an alkaline medium, the artificial APC were collected, washed and 

incubated with T cells for 4 days in 2D culture. On day 3 (Fig. 3.7. (c)), the 

ǇǊƻƭƛŦŜǊŀǘŜŘ ōƭŀǎǘǎ ƻŦ ¢ ŎŜƭƭǎ ǿŜǊŜ ǾƛǎƛōƭŜ ŀŦǘŜǊ ǘƘŜ ǎǘƛƳǳƭŀǘƛƻƴ ǿƛǘƘ мл˃ƎκƳ[ ŀƴŘ 

ол˃ƎκƳ[ ŀǊǘƛŦƛŎƛŀƭ !t/ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ л ˃ƎκƳ[ Ǉŀrticle control. It was evident 

ǘƘŀǘ ол ˃ƎκƳ[ ŀǊǘƛŦƛŎƛŀƭ !t/ ŎŀǳǎŜŘ ƎǊŜŀǘŜǊ ǇǊƻƭƛŦŜǊŀǘƛƴƎ ōƭŀǎǘǎ ǘƘŀƴ мл ˃ƎκƳ[ 

coated beads. On day 4, the observation was confirmed by 3H-Thymidine assay 

ŎƻƴŦƛǊƳƛƴƎ ƎǊŜŀǘŜǊ ¢ ŎŜƭƭ ǇǊƻƭƛŦŜǊŀǘƛƻƴ ǊŜǎǇƻƴǎŜ ǘƻ ол˃ƎκƳ[ ǘƘŀƴ мл˃ƎκmL 

coated particles (Fig. 3.7. (d)). In regards to pH effect on antibodies, there was 

no noticeable change on T cell proliferation to the beads being exposed to 
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alkaline pH (Fig. 3.7. (d)). The level of T cell response was close to the particles 

exposed to neutral pH 7, which indicates the alkaline pH (above pH 7) did not 

affect the biological activity of antibodies, and artificial APC will retain their 

function in the hydrogel. 
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Figure 3.7: The effect of alkaline pH on artificial APC. Particles were coated with different 

concentrations of CD3 and CD28 antibodies (artificial APC) and incubated for 24 hours in 

the media buffered to different alkaline pH with 0.5 NaOH. After 24 hours the artificial 

APC were washed and incubated with T cells at 2:1 ratio (APC:T cells) for 4 days. (a) The 

gating strategy for detecting the presence of antibodies on the polystyrene particles by 

the flow cytometer. (b) The % of coated particles were detected by gate set on blank 

(л˃ƎκƳƭύ ǎŀƳǇƭŜΣ ŀƴŘ ǘƘŜ ŀƴǘƛōƻŘƛŜǎΩ levels were compared with MFI values. (c) Light 

microscopy images of cells proliferating clusters responding to artificial APC on day 3. (d) 

3H Thymidine incorporation assay were used to analyse T cell stimulation by artificial APC. 

On day 3, 3H-Thymidine (2uCi/ml) were added and incubated for 18 hours. Thymidine 

incorporation was measured by scintillation counting. MFI = median fluorescence 

intensity, scale bars were set at олл˃Ƴ, n=1 experiment with no repeats. 
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3.2.7. Modifying T cell response with different co-stimulation 
signals on artificial APC 
 

Typical T cell activation requires Signal 1 (T cell receptor, TCR), Signal 2 (co-

stimulation) and Signal 3 (cytokines) to induce full stimulation and 

differentiation into effector cells. There is a large repertoire of costimulatory 

molecules that can allow for specific T cell functions under different 

environmental conditions [105]. Costimulation molecule expression depends on 

the type of stimulus and tissue environment where the T cells are activated 

[347]. It is hypothesised that peptide hydrogel permits T cell response to 

distinctive costimulatory molecules and modulates T cell response. 

 

New artificial APC were formed with different co-stimulatory signals: CD28 and 

CD55. Costimulation requires CD3 (Signal 1) presence to amplify a T cell 

response. However, CD3 alone at high concentration (e.g. plate bound antibody 

above 3 ˃g/mL) can induce a T cell response and reduce the chance of detecting 

a co-stimulation effect, thus previously formed APC could not be used for this 

study due to high CD3 concentration (results 3.2.6) [348]. Artificial APC were first 

optimised with CD3 antibody to induce a sub-optimal T cell proliferation 

response. Enhanced responses were then observed with increasing 

concentrations of costimulatory signals (anti-CD3 and anti-CD28). Artificial APC 

were tested first under 2D culture settings, to indicate the functional capacity of 

the stimulus on cells.   
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T cell proliferation was analysed by CFSE dye dilution and measured by flow 

cytometry. T cells labelled by CFSE dye will undergo cell division upon 

stimulation and dilute the fluorescent dye into the daughter cells, which also 

reduces the CFSE fluorescent intensity [319]. Prior to the experiment, labelled 

/C{9 ŎŜƭƭǎΩ ǎǘŀƛƴƛƴƎ ǉǳality and uniformity were checked against the unstained 

cells (Fig. 3.8. (a)). Proliferation of T cells was reported as divided cells %, where 

the gate was first set on the resting (unstimulated) T cells (Fig. 3.8. (b)). In some 

experiments division index is reported as well, which indicates the average 

number of divisions the cell has gone through, taking into account stimulated 

and resting T cells (Fig. 3.8. (c-d)). 

 

Polystyrene particles were coated with different (0-30 ˃ g/mL) concentrations of 

CD3 antibody and analysed by anti-mouse secondary antibody and flow 

ŎȅǘƻƳŜǘǊȅ όCƛƎΦ оΦфΦ όŀύύΦ ¢ƘŜ aCL ǾŀƭǳŜǎ ƛƴŎǊŜŀǎŜŘ ǳǇ ǘƻ оΦо ˃ƎκƳ[ /5о 

concentration, followed by a decrease in higher concentrations. This represents 

the hook effect more than an actual negative result of antibodies coating the 

particle. The hook effect is a common problem in immunoassays where high 

concentration of analyte (in this case CD3) saturates secondary antibodies for 

flow cytometry and gives a false negative result [349]. CD3 coated particles were 

incubated with T cells for 5 days in the 2D culture. T cells responded to the 

various CD3 concentrations, with maximum proliferation response achieved at 

оΦо ˃ƎκƳ[ ŀƴŘ ǎǳō-ƻǇǘƛƳŀƭ ǊŜǎǇƻƴǎŜ ŀǘ мΦм ˃ƎκƳƭ όƻƴŜ ŘƻƴƻǊ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴΣ 

Fig. 3.9. (b)). CFSE precursor frequency % and division index confirms the 
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analyǎƛǎ ŦǊƻƳ ŀƭƭ ǘƘǊŜŜ ŘƻƴƻǊǎ όCƛƎΦ оΦфΦ όŎύύΦ ! /5о ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ мΦм˃ƎκƳƭ 

was selected for artificial APC preparation with costimulating antibodies. 

 

Particles coated with CD28 and CD55 show increasing MFI values alongside the 

given concentrations (Fig. 3.10. (a-b)). However, by reaching the maximum 

ŎƻƴŎŜƴǘǊŀǘƛƻƴΣ ōƻǘƘ ŎƻǎǘƛƳǳƭŀǘƛƴƎ ŀƴǘƛōƻŘƛŜǎΩ aCL ǾŀƭǳŜǎ ŘŜŎǊŜŀǎŜŘΣ ǿƘƛŎƘ 

demonstrates the hook effect again. CFSE-labelled T cells were cultured with Ab-

particles at a ratio of 2:1 (Ab-particle: cells) for 5 days. One representative donor 

(Fig. 3.10. (c)) indicated T cell response to the given artificial APC coated with 

CD28 and CD55 antibodies. CFSE % of divided cells indicated a maximal response 

ǿŀǎ ǊŜŀŎƘŜŘ ōȅ оΦо ˃ƎκƳƭ ƻŦ /5рр ŀƴŘ мл ˃ƎκƳƭ ƻŦ /5ну όCƛƎΦ оΦмлΦ όŘύύΦ 

IƻǿŜǾŜǊΣ ǘƘŜ ǊŜǎǇƻƴǎŜ ŦǊƻƳ /5ну ŀǘ оΦо ˃ƎκƳƭ ǿŀǎ ƴƻǘ ŦŀǊ ŦǊƻƳ the maximal 

(only 5% difference) and therefore, for the consistency of artificial APC 

ǇǊŜǇŀǊŀǘƛƻƴΣ ƛǘ ǿŀǎ ŘŜŎƛŘŜŘ ǘƻ Ŏƻŀǘ ǇŀǊǘƛŎƭŜǎ ǿƛǘƘ оΦо ƻŦ ˃ƎκƳƭ ƻŦ /5рр ŀƴŘ /5ну 

antibodies. Though, the following analysis of division index (Fig. 3.10. (d)) 

contradicteŘ ǘƘŜ ŎƘƻƛŎŜ ƻŦ оΦо ˃ƎκƳƭ ƻŦ /5ну ŀƴǘƛōƻŘƛŜǎΣ ŀǎ ǘƘŜ ƳŀȄƛƳŀƭ ¢ ŎŜƭƭ 

ǊŜǎǇƻƴǎŜ ǿŀǎ ŀŎƘƛŜǾŜŘ ōȅ мл ˃ƎκƳƭΦ ¢Ƙƛǎ ŀƭǎƻ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ ƛƴǘŜǊǇǊŜǘŀǘƛƻƴ ƻŦ 

CFSE % of divided cells data needs to be taken with caution.  

 

In conclusion, artificial APC were formed with optimised CD3, CD28 and CD55 

antibody concentrations to study the co-stimulation effect on T cells in the 

peptide hydrogels. 
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(c) 

(d) 
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Figure 3.8: Analysing T cell proliferation with Cell Trace CFSE and flow cytometry. T cell 

proliferation is assessed with Cell Trace CFSE dye and flow cytometry. (a) Prior to the 

experiment T cells were stained with 1µM CFSE dye, washed and analysed for labelling 

efficiency against unstained cells. (b) Gating strategy for analysing the proliferating T cells, 

which reports divided cells % by using a negative control gate set on the resting T cells.  (c) 

!ƴŀƭȅǎƛǎ ƳŜǘƘƻŘ ƻŦ ǳǎƛƴƎ ǘƘŜ ΨtǊƻƭƛŦŜǊŀǘƛƻƴ ǘƻƻƭΩ ƛƴ FlowJo v10.8.1 software to obtain 

statistical analysis on T cell proliferation. (d)  Division index (DI) was used to report T cell 

responses in the peptide gel and the graph explains how the DI value is obtained.   
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Figure 3.9: Optimisation of CD3 antibody for sub-optimal T cell proliferation. Polystyrene 

particles were coated with different concentrations of CD3 antibody ( g˃/mL), and cultured with 

CFSE labelled T cells at 2:1 ratio (APC:T cells) for 5 days. (a) MFI values obtained by flow cytometry, 

present particles coated with CD3 antibodies at various concentration. (b) Histograms from one 

of the donors represents T cell proliferation in response to changing CD3 concentrations. (c) 

Summary graph from three donors presents CFSE % of divided cells and division index values. 

Data presents mean±SD, n=3 biologically independent donors. 

(a) 

(b) 

(c) 
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Figure 3.10: Optimisation of CD28 and CD55 antibodies with constant CD3 м˃ƎκƳƭ ǘƻ 

induce maximal T cell proliferation response. Polystyrene particles were coated with 

different concentrations of CD28 and CD55 antibodies in the presence of 1 µg/ml CD3 

antibody. Artificial APCs were tested in 2D cultures with CFSE labelled T cells at a ratio of 2:1, 

and the data was collected on day 5 by flow cytometry. (a and b) MFI values present particles 

coated with various CD28 and CD55 antibody concentrations (c) Histograms present one 

ŘƻƴƻǊΩǎ ¢ ŎŜƭƭǎ proliferation response to artificial APC with various co-stimulating antibody 

concentrations. (d and e) Summary graphs of CFSE % of divided cells and division index 

presented from all three biologically different donors. Data presented here with mean±SD, 

n=3 biological independent donors. 
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3.2.8. Modifying T cell function with different co-stimulating 
signals in the peptide hydrogels 

 
After production of new artificial APC carrying CD3 with CD55 or CD28 

costimulatory molecules, T cells (labelled with CFSE) and artificial APCs were 

encapsulated in the peptide hydrogels. The purpose of this experiment was to 

analyse peptide hydǊƻƎŜƭǎΩ ŀōƛƭƛǘȅ ǘƻ ǎǳǇǇƻǊǘ ¢ ŎŜƭƭ ŀŎǘƛǾŀǘƛƻƴ ŀƴŘ ǇǊƻƭƛŦŜǊŀǘƛƻƴ ƛƴ 

presence of different stimuli.  

 

Based on literature, T cells were encapsulated with artificial APC at a 1:2 ratio in 

6 mg/mL peptide hydrogel and incubated for 7 days [350]. Alongside the 3D 

culture, T cells from the same donor were set in a 2D culture as well, with the 

same parameters (i.e. total volume of medium, final cell and particle densities 

per well) as the T cells in the hydrogel. This was mainly to observe T cell 

responses to the artificial APC in the absence of hydrogel. Before encapsulating 

cells with artificial APC, the presence of the antibodies was checked by the flow 

cytometry. It was evident that by forming artificial APC for each experimental 

repeat, the MFI varied amongst different batches (Fig. 3.11. (a)). However, by 

culturing T cells (white phase)  with artificial APC (dark phase), each batch had 

no issue in activating cells in 2D culture settings, as clusters of cells were visible 

under the microscope (Fig. 3.11. (b) of one representative donor). Whereas 

clusters of cells were barely detectable in the peptide hydrogels. Costimulation 

effect was detected by overlaying CFSE proliferation histograms for each 

stimulus and controls per donor (Fig. 3.11. (c)). Each donor in the 2D culture 

presented T cell proliferation on days 5 and 7 according to the given stimulus, 
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and showed the sub-optimal proliferation to CD3 and enhanced response to 

CD28 and CD55 (Fig. 3.11. (d)). In addition, twƻ ŘƻƴƻǊǎΩ ¢ ŎŜƭƭǎ ǊŜǎǇƻƴŘŜŘ ǘƻ 

CD55 with greater response than CD28 costimulation. In contrast to the 2D 

ŎǳƭǘǳǊŜΣ ŀƭƭ ŘƻƴƻǊǎΩ ŎŜƭƭǎ ǎƘƻǿŜŘ ŀ ǇƻƻǊ ǊŜǎǇƻƴǎŜ ǘƻ ǘƘŜ ŀǊǘƛŦƛŎƛŀƭ !t/ ƛƴ о5 

culture. Due to weak response in the 3D culture, the expansion index was 

reported from the whole culture rather than individual cells. Expansion index 

indicated a fold-expansion of the whole culture (including undivided cells) in 

response to stimuli (Fig. 3.11. (e)). The summary graph indicates the increased T 

cell proliferation response upon exposure to stimuli, but no significant 

difference between stimulated and resting T cells was achieved in the peptide 

hydrogel (Fig. 3.11. (f)). Moreover, 2D culture T cells also responded to the 

artificial APC with CD3 and costimulatory molecules, but there were only 

significant results between CD3 with CD28 stimulus against resting T cells (Fig. 

3.11. (g)). Overall, there was an indication of T cells responding to given stimuli, 

but due to wide data distribution obtained from different donors, no statistical 

significance was achieved.   

 

¢ƘŜ ǎǳǇŜǊƴŀǘŀƴǘǎ ŦǊƻƳ ǘƘŜ ǎŀƳŜ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ǘƻ ŀƴŀƭȅǎŜ LCbʴ 

and IL-мл ŎȅǘƻƪƛƴŜǎΣ ǘƻ ŎƻƴŦƛǊƳ ŘƛŦŦŜǊŜƴǘ ŎƻǎǘƛƳǳƭŀǘƻǊȅ ƳƻƭŜŎǳƭŜǎΩ ŜŦŦŜŎǘ ƻƴ ¢ 

cells. Cytokine secretion data was presented from one donor only, as no 

cytokines were detected from other tested donors in the peptide hydrogel (Fig. 

3.11. (h)). During 7 days of the experiment, the highest amount of cytokines 

όLCbʴ ŀƴŘ L[-10) were detected by day 3 in 2D cultures. However, different 

kinetics were found in the peptide hydrogel as T cells gradually secreted the 
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cytokines without reaching the optimal peak. Both culture systems confirmed 

/5ну ŎƻǎǘƛƳǳƭŀǘƻǊȅ ƳƻƭŜŎǳƭŜǎ ƘŀŘ ƎǊŜŀǘŜǊ ƛƴŦƭǳŜƴŎŜ ƻƴ ¢ ŎŜƭƭǎ ǘƻ ǎŜŎǊŜǘŜ LCbʴ 

than CD55. IL-10 was released at higher levels by T cells in the hydrogel under 

CD55 costimulation than in 2D culture. In 2D culture, there was a small 

ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ /5ну ŀƴŘ /5рр ŎƻǎǘƛƳǳƭŀǘƻǊȅ ƳƻƭŜŎǳƭŜǎΩ ŜŦŦŜŎǘ ƻƴ L[-10 

secretion. But the data itself confirms the co-stimulatory effect on T cells, as 

artificial APC with CD3 only caused the lowest level of two different cytokines 

release. 

 

In conclusion, costimulation of T cells is feasible in the peptide hydrogel but 

requires further optimisation of artificial APC suitable for 3D culture rather than 

2D culture settings. In this case, further studies are continued with artificial APC 

coated with high concentration (30 ˃g/mL) of CD3 and CD28 antibodies in the 

peptide hydrogel.
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