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Abstract

3D culture is gaining recognition as the advarncetgtroculturesygemto study

cells. It bridges planar culture (2D culture) amd/ivostudies, which could
overcome oversimplified environment settings and geneticfighysdifferences

to humans by animal model&or example, planar culture plates lack the
architecture of tissues with extracellular matrix (ECM), whereas niounseirs

are poor representationsf human onesr cells are part of the immursggem,

and varous studies have been conducted to understand their role in healthy or
diseased tissues and the efficacy of therapies targeting these cells. To get more
constructiven vitroresults, by avoiding oversimplified cult@oe in some cases
animal models 3Dculture could be used by selecting appropriate biomaterial
to study cells. Various biomaterials were tested for 3D T cell culture, enabling
observationof celtcell interaction, migration, effector functipandthe effect

of the microenvironment (i.e. oxyen 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 unwantetume response.

In this case, seHissembling peptide gel offers solutions to those common

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

Selfassembling peptide gel is composed of FEFEFKFK octapeptide (F,

phenylalanine, K, lyge, E, glutamic acidlinder correcttemperature, pH and



salt concentration makes the hydrog&he whole gelation process relies

electrostatic interactions between amino acids, avoiding comptelx taxic
crosslinking methods fogel formation Primary human T cells were
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suitability as the 3D cultuygem for cells.

T cells werencapsulated in the peptide g#ieir viability and effector functions
over 7 days were aerved T cells were encapsulated with antigen presenting
cells (APCdp simulate their activation process as found in the peripheral
tissues. APCs were either artificial (antib@3 ad CD28 coated polystyrene
beads) or actual cells such as dendrdtls DC)isolated from the healthy
human donors The purpose of these experimentas totest ther ability to
respond to stimulend deliver an appropriate responsethe hydrogel. The
material itself was modified to test the microenvironment effect @ 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 |, by adsorption rpcess to indicate whether proteins influence T cell
behaviour (i.e. caetimulation 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 whethgure immune studies could benefit
from this novelin vitro platform. Cell were monitored by proliferation assays
(3H Thymidine, Celi NI OS / C{ 9-4Ccytdkifebsecretioy (ELISAJ and

phenotype marker expression (flow cytometry).



T cells showe better growth in the softer gels (average 283 Pa) than the rigid
ones, which restrained expanding proliféngtclusters of cells. Thegsponded

to various stimuli provided by artificial and actpad-inflammatory APGhe
peptide gel. Furthermore, futionalized gels with matrix proteins
demonstrated a cstimulatory 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) tre@a@®1c 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 nawelitroculture. However, ithe
presence of fibronectin, the pa8eated CD1c effeawas diminished on T cells,

and thiscould represent a possible scelmanf glioblastoma tumour

In conclusion, peptide gel demonstrated its ability to support basic T cell
function. Adding addinal parameters to the gel thatreflect tissue
microenvironments demonstrated different cell behaviour, whighmost of
the time misrepresented by 2D cultgtelThe material itself is inert asdowed
no immunogenic properties that could misletimunerelated studies. This
conducted research demonstrates the need for 3D culikeestudies to build
a better understanding of immune cells, and-ssembling peptidgel is a

good start toadvance these vitrostudies
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Chapter lintroduction

1.1. Immunesygem

The immunesydem is a complex network composed oélls, proteins, and
organs thatltogether protect and maintaia healthy tissuenvironme [13].
Humans and other mammals are constantly exposé#uetpathogenic microbes
and their toxins, which redne a constant immune survidanceagainstpossible
infectionsor inflicted damagegl3]. This also includes cancefere immune
cells exclude thabnormally dividing and differentiated normal cdlisl]. Tre
immune sysemQ desponsibility is enormous scope whichis why it is

composed from different defence layers to protect the body

The immunesygem is composed from two lines of defence: innate atiajdive
immunity[15]. Innate immunrtly is the first line of defence;itduces a rapid but
non-specific responséAs it is reviewed in Marshall et al. (2018) it is composed
of several barriersvhich originate from different physiologisgkems[15]. For
example skin provides an anatomical barriggmperature increaseto reduce

the microbial growth and leukocytes (immune cells) dleaevading pathogens
[15]. Alongside of this, the innasgtem activates the adaptive immursygem,

for a more efficient and targeted respondéiis primes the specific immune cells
(i.e. lymphocyts) which are responsible for antibody secretion and cytotoxic
effect [16]. At the end of adaptive responsenmunological memory is
establishedresulting insubsequent pathogen exposure rapid and sgcific

immune response
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The immunesygem is mainly composed of specialiszdls which are activated
throughthe controlled processe#s thedefencesysem, itisextensivehrough
the entire baly andits malfunction couldresult in detrimental diseasesor
disorcers such as: immunodeficiency, chronic inflammation, cancer,
hypersemitivity, and autoimmunity{17-21]. The importane of studying and
understandingthis sygem is essential to creatingffective treatments and

maintaining healthy tissue environmenf{&3, 15]

1.11.Innate immunesygem

Innate immunityis composed from several defence laydefined as physical,
biochanical and cellular barrierfl5, 22] Physical barriers contaispecific
anatomical and morphological deires that specialise inrestricting the
pathogen entranc@l3]. Oneof the examples is skin, whekeratinocytef the
epidermal layer creatanimpermeable barriedue to tight junctions between
the cells[23]. In addition, it is ab covered with microflora which limitlse
pathogensgrowth [24]. Fromthe chemical barrier perspective, this involves
chemicals/proteins released by cells to inhilmicrobial growth [22]. For
example,the stomach releases hydrochloric gcuwghich lowersthe pH to
prevent bacterial outgrowth, whereasf 2 DHIRsha contain?b O2 Y LI SYSy ¢
proteinsthat inducethe bacterial lysig22, 25] However the innate immune
sygem is mainly driven by celldentifyingforeign organismsalso known as

Yy A B fram@he healthyW & SeisfL8) 15]
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The nnate immunesygem is equipped with cells which are abterespond to

the extracellular (i.e. bacteria) and intracellular (i.e. virus) pathdg@éhsrhey
contain pattern ecognition receptors (PRR) which recognise coeddeatures

of the microbeg$22]. The conserved features are knoaspathogerassociated
molecular patterns (PAMPs) which can either be complex polysaccharides,
glycolipids]ipoproteins or nucleotideg2]. For exampleCandida albicansell

wall contains mannosyl residues which e¥eognised bynannosereceptors
found onthe phagocyteg§26].Whereas intracellular pathogens such as viruses
release their DNA/RN#ontentand interact withLJK | 3 2 DadtlikeSeReptors
(TLRg]22]. For example, TLR3 reowsg doublestranded RNA which is released

by the rotavirugluringthe viral replication stagwithin cell§27]. Furthermore

PRRs can recognise damagsociated molecular patterns (DAMPS) released
during the sterile inflammation (absence of pathogen8]. As reviewed by
Zindel and Kubes (2028)! at & O2dzZ R 06S | NXzLJi dzZNBR
shock proteins, DNA) or fragments of extracellular mat@(Ee.g. collan,

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

During the inflammation, gthogens ordamage related particlesctivatethe
local cellssuch agpithelial cellsto secretethe pro-inflammatorycytokinesand
chemokineso recruit the immune celld 6, 2830]. In additionlocalphagocytes
(i.e. neutrophils, macrophages, dendritic cells (DC)) retbassoluble factors
in response to endfed microbedo increaseahe vascular permeability28, 3%
34]. This enhances the recruitment and migratiorthef immune cellgo the

inflammationsite[16, 28] Antigernpresenting cellsAPG), such as macrophages

13
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and dendritic cellsprocess the pathogen and present its relevant antigen to
initiate the adaptive immune respongE3, 16] This occurence APCriigrate

to the localdraining lymph nodes arattivateT and B cellesponse[13, 16]

1.1.2.Adaptiveimmunesygem

Adaptive immunity is the final response specifically actiiaye@lPGto target
the source ofnflammation Thispart of the immunesygem is mainly initiated
and controlled by the lympmtytes, known as T and B cdll8, 16] Cells
originate in the thymus and bone marrow, respectively, but mgetlactivated
in the lymphnodes These lymphocytes induce their response specific to the
antigen- a substance derived from foreign organismdamageassociated

particles[13, 35]

B cells are responsible for the humoral immune responghich is driven by
secreted antibodies againgte specific antigend5]. Antibodies have multiple
roles for example: toneutralise pathogens and toxingpsonise and assist a
phagocytic response by macrophages, aid Natural Kille(NK)cells (part of
the innate immunity)to induce cytotoxic effedi36-38]. Antibody secreting B
cells ar&known as plasma cellghichreside inthe lymph nodefor ashortterm

until immune responsisresolved againghe pathogen[39].

T cellS2esponss aredefinedasa cellmediatedresponse, which either support
the nearbyimmune celldunctionsor induce cytotoxic effest{15]. There are

CDA4+T cells, also known as helper T cells (Th) and CD8+ T cells identified as

14



cytotoxic T cells (CT[Lp]. Th aid the work of other imnme cells such as B cells,
whereupon activation they secrete cytokines (e.g4,ILL-5) and express eo
stimulatory molecules (e.g. CD4Gb inducethe antibodytype response40,

41]. Where CTL mediate cytotoxic effect against viralfgdted or cancerous
cells [42, 43] However, depending on the source of antigen, T cells can
differentiate into several phenotypeavith different types of functiom(Table

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

response aawrding to the source of antigga3, 35]

Once the pathogen has been clearéand B cell population reduce to a fraction
of cells, known as memory cdil, 45] This isalsotermed asimmunological
memory, which is essential fosubsequentpathogen exposure. Primary
stimulation of cefl to the antigencould takemore than a weekwhereas
secondary® Y' S Y Zadfioii® will occur over a few day©neexampleis
chickenpoxcaused byaricdla-zoster viruswhereupon primary infectiof cells
number and responséncreass within 1-2 weeks ofinfection, but upon
secondary exposure memory T cells appear witird8y446, 47] People with
acquired immunity to the varicelleoster virus felt well after the virus-re
exposure, and showed no clinical syomps [48]. In addition, there are reports
on innate immune memorywhich arereviewed in depthby Sherwood eal.
(2022) [49]. The sequence of innate, adaptive and memory res® is

summarised in Figure 1.1
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Figure 1.1 Sequence of the immune respoii$e innate immune system is the first responder to titbggen invasion, which limits the pathogen outgrowth whilst
activatedAPQmigrate to the lymph nodes. APC initiate adaptive immunity by interacting with T cells to induce a more targeted immuse kdgpo T cell activation,
these cells differentiatento CTL or Thwhich either kill or aid B cell differentiation into plasma cells, respectively. Activated B and T cells drive théenaiapive
response until the pathogen clearance, which also ends the innate and adaptive responses. A fractiol aeBsdmetome memory cells and establish immunologica
memory. Upon secondary pathogen exposure, memory cells induce a more effective and rapid immune response (defined thg higimewpeeaks). Figure created wi

BioRender.com
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Table 1.1T cell pheatypes and function

T-cell subtypes
(phenotype
markers)

Mechanisms

Functiors

Ref

Cytotoxic T cells
(CTL)
(CD8+, Eomes*)

Thl
(CD4+, Dbet*,
Runx3*)

Th2
(CD4+, GATE)

Th17
(CD4+, ROR (i F

Cytotoxic T cellsGTL)

Secrete perforin,
granzymes, INF

Express CD95L (FasL
interacting with CD95

(Fas) orarget cells
Cytokines: INF >

Activated CTL induce apoptosis of tl
target cells such us virally infected o
malignant cells. The apoptosss
initiated by eleased cytotoxic
molecules suchsgranzyms and
perforin, and direct ceto-cell

contact by FasL to Fas expressed o
target cells. Secreted INF  LJZ2$ |
Th into Th1l type cells, activates
macrophages and proma® cell
differentiation. Whereas TNFdaithe
apoptosis and activate nearby cells"
support inflammation process.

Helper T cells (Th)

Secrete: 12, INF X
TNFh =

Secrete: H4, IL-5, Il-
13

Secrete: 117, 11-22

t e YLK

Responsible for primflammatory
response by secreting cytokines
support macrophage and CTL activ
By secreting INF A (0 | fest
other nearby Th cells and maintai
their phenotype. Thl role is importal
in antkviral, antitumour and delayec
type hypersensitivitylTH) responses

Dedicated to humoral respons
driven by B cells. Th2 secretes
mixture of cytokines which promote |
cell activation and differentien into
plasma cells. This subtype of ce
causs non-inflammatory response
driven against extracellular infectiol
such as parasitic (i.e. helminths). Al
Th2 partake in allergic response st
as asthma.

Induce preinflammatory responses i
the peripheral tissues, mainly agair
extracellular pthogens (e.g. bacteri
or fung). Responsible fo
macrophages recruitment an
neutrophil activation bgecreted 1117
cytokine. 122 induce antimicrobia

[50, 51]
[52]

[50, 53
55]

50, 53,
56, 57]

[50, 56,
58]
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Table 1.1T cell phenotypes and function (continue)

Th9 Secrete: H9
(CD4+)

Follicular helper T Secrete: W4, I-:21

cell (Tfh)
(CD4+)
Natural T Secrete: TGF Z-10L [
regulatory cells IL-35
(nTreQ) Expresses CTH4A
(CD4+, CD29" GITR
CD12P", Foxp3*)
Th3 Secrete: TGF
(CD4+)
Trl Secrete: H10
(CD4+) Coexpresses CD39

and CD73 markers,
which hydrolyse
extracellular ATP to
adenosines

peptide secretion from local epitheli
cells.

Known for their anttumour response, [50, 59,
by their enhanced cytotoxic malele 60!
secretion, recruitment of othe
immune cells and promoting surviv

of activated T cells and DC. In additi

cells are responsible for agarasitic
response, where secreted9Lrecruits

mast cells (part of innate immunity).

Mainly found in lymph nodes, whel [51, 56]
upon activation T cells relea
cytokines important for B ce
differentiation into antibody secretin

cells¢ plasma cells.

50, 53,
61, 62]

/| Stfta INB | OlGAgl
antigens derived from healthy/norm:
cells. This prevents aautoimmune
response, by suppressing activat
effector T and B cells and maintai
peripheral tolerane. This occurs afte
pathogen clearance or presence
autoreactive cells. nTregs expre
CTLA4 which interacts with DC. TF
reduces the pro-inflammatory
cytokine release and depletion
tryptophan ¢ a metabolite important
for effector T celQ activity. Alsg
secrete anti-inflammatory cytokines
(IL-10,TGFI v &

Regulatory type T cells. Theyre [50,63,
NBaLRyaroftsS T2nN %4
by suppressinghl and Th2 pe cells.
Secreted TGH Ay BdrdlIS do
secrete §A antibody for mucosal are
protection.

Regulatory type T cells, responsible [50, 61,
intestine€)  tolerance. Anti 62 65]
inflammatory IE10 and adenosine
depletion  (metabolic  disruption
suppres®ffector T cell activity.

* Transcription facte
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1.1.3.Tcells

T cells, also known as T lymphocytes, are ciriticgthe immunesygem as they

mediate a specificand more targeted responsgl3]. They existin several
phenotypesdependngontheirlocation(e.g. tumour, maosal surfaces3ource

of antigen (i.e. extracellular or intracellular pathogemhemory status and
effectorfunction (e.g. immunosuppressive, praflammatory) (Table 1.1{34].

These factors aate a diverse T cell po@thichaltogethermaintain ahealthy

tissue environmentnd prevens re-occurring threatg[13, 44] This section

SELX 2NBa (KS OSttQa 2yiz23sieinmundd A g1 G,
sysem.

1.1.3.1T celldevelopment

TheT cell developmenprocessoccurs between two organs: bone marrow and
thymus[66]. The first step occurs in theobe marrow where hematopoietic

stem cells (HSCg)veriseto the common lymphoid progenitors (CLEs)s[66,

67]. T cellSdineage from CLPs are inducedtbg Notch signallingwhich is

initiated by the surroundingsteoblass, endothelial and immune cg[68, 69]

This results in cellmigrationto the thymus, where entering cells are named as

Wi Ke Y 2Pg@lP§18,m8] Thymocyteenter the thymus ashe WR 2 dzo £ S
negative®  ocBllb,due to thelackof CD4 and CD8 markexxpressionj66, 70,

71]. At this stageOSt £ & NBI NNIF y3IS (i KcBainsihdeipo© St £ N.
completion theypewome WR 2 dzo f S LIBelisiexples3iS@D4 arl CDS

markers on their surface
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In the thymus cortexDP cellaindergoa selection procestor CD4+ oICD8+
markerexpressiofj70, 711> LG A & | @& & A P6 2whighis@dhyWw 213 Q

the cortical thymicepithelial cells (cTEC#Fig. 1.2) cTECs expreswajor

e —_—

Strong
interaction
w:th cTEC

Positive poniss

selection

Cortex \

Negauve
selectlon

Adequate
interaction
with ¢TEC

Cortico- 9
medullary e e Gk e
junction | S Negative [ ~--
[ selection

Interaction {:}
with mTEC S~

Medulla Conventional ol K
T cell =0 .
Apoptosis
( Weak interaction Strong to
with mTEC intermediate
e ian Strong interaction
L ( N WtmiEs with mTEC )

ﬁ?y?ﬁ;g;';;g @gggl\{e““o”a‘ cTEC ﬁ mTEC @cheu @Thymocyte

Figure 12 T cell development in thymuShymocytes enter thymus through the cortic
YSRdzZf t F NB 2dzy OGiA2Yy YR YAINI St &Dah R
maintain this process by presenting seitigens on MHC molecules. This determine
OSt ¢ ddzoaSay /5nb 2N /5yb (eLISd { dz
eliminates selfeacting T cells, produces Treg and conventional ceithware releasec
to the peripheral tissues. Image obtained from Handel et al. (28]L8)

histocompatibility complex (MHC) class | and II, where they preseahtigkns
(peptides)to interact with TCRs diiymocytes Depending on tir affinity to

the presented antigen, thymocytdsecomeeither CD8or CD4positive Tcells
[71, 72] Newly selectedellscontinue to migrate to the thymus medulla, for

Wy S3 I (A O ProcasSvihishenisuestlye @roduction oftolerantand non
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autoreactive cells Medullary thymic epithelial cells (nTE@sgsent sel
antigens for T cells, which excludef-seactivecdls viathe apoptosisprocess.
WhereasT cells with low affinity to the antigeme preseved and releasetb

the peripheral tissueSome selffeactiveT cellswhichexpresshe transcription
factor Foxp3, become nTregg’0-72]. This depends orthe strong TCR
stimulation by high affinity to antigensicd presence of 15, 12 and TGF
thymus cytokineteading tathe Foxp3 expressidii3]. Overall at the end ofthe

T cell development process only 5% of togdls leave the thymus and entee
peripheral tissuefl3]. CD8+ T cell€{T. in the peripherwvill recognise antigens
presented on MHC Class |, whashkelper CD4+ T cells depend on MHC Class lI

[13].

1.1.3.2.TCR arrangement

The diversity of T cslielies onthe TCRwhere they recognise aniqueset of
antigersoriginating fromthe microbesor damage relategarticles[13, 74] TCR

is composed off | YR jwhiéhkreate/uaiqueset of receptosto each

T cdl in the immune sysgem [13, 74] TCR are formed by the gene
rearrangement process mediated by RAGIlfRoteins and terminal
deoxynucleotidyl trasferase (TdT) at TCR Idd, 75] Theseenzymes initiate
double strand DNA break, removal of gene segments and ligation process of
adding/existing nucleotidesThis random process creates a unique DNA

sequence ading for TCR I iy'dRairs (Fig. 1.3)The @mbination of two
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RAFTFSNBY (G OKIFAya obhi OrecagyishhyBtioasdatiget KS RA
[11, 75]

germline

DMNA
x21-31

ﬂ:.:l TCRR chain

Somatic
recombination

T-eell receptor

rearranged CDR3
DA .
o Transcription r.} voriEhi:
CDR3 splicing region
fa)
Constant
. J Trans lation I
Cal =
5'RACE a B
™
Genomic segments:
.Leal:lirg peptioe .‘."arial:lIE .Di\rersit\r Joining .El::nrtant

-

Figure 13 TCR aangement.TCR loci are composed \¢driable (V), diversity (D) ar
joining (J) gene segments which are rearranged by RAEdteins and modified by
¢tR¢ SyileavySao ¢KS LINRPOS&aa Ay 3INF LK L
NBEIA2YS (GNIFyathridSR FNRY (GKS NBF NNy
chain as well, overall creating a unigue set of TCR expitmgsiee T cell. This proces
increases the diversity of T cells able to recognize various antigens derivec
pathogens. Image taken from Migalska et al. (2011H)

1.1.3.3.T cell activation by antigen presenting cells (&PC

T cellscirculate through the blood and lymphatiggem searching fothe APC
presenting cognatantigen[76]® ! & G KA & & (yfl 3@ men OSt f a
inexperiencedstatedue to the absence dan invadingpathogen[74]. T cells

with uniqgue TCR also exist in a minimahber,not enough to stop the infection

and diseaseprogression[77]. Thisrelays onthe proliferation processalso

known as clonal expaies, whth only occus upon T cell etivation during
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microbial infection (e.gCOVIELY9), cancer (e.gmelanoma or autoimmune

disease progresside.g. psoriatic arthirt)d78-80].

T cell€interaction with ARs occurs inthe T-cell zones foundn the spleen,

lymph nodsl Yy Rt S @& &a]aAltogdithérEhkse organs arelefined as

seconday lymphoid organs (SLOsjich arepositioned to induce imediate

immune response upomicrobialor damagerelated particleexposure The

routes of exposure vatetween organsaslé YLK y 2 RS a tedtifiaf G NI G S
fluid from the nearbytissuesthe spleencheckshebloodalR t | @ SN & LJ
surveyli KS Ay inkdasal 5uyfée€f8a-85]. Thesimilarprocess occurs in

the peripheral tissues, wherdPG constantly sample thenvironment by
phagocytosis or pinocytosggocesse$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 onéghefPRRs, DC undgran
activation procesto becomemature cels [89]. Theyprocess the pathogen or
microbial patterns into linear peptide fragments and preashem on MHC Class
I/ll for lymphocytesThis takes two different pathwayes it depends orthe
intracellular or extacellular microbial fragment®0]. As mature cells,they
expressco-stimulatory moleculeso enhanceT cdl activation and upregulate
CCR7a chemokine receptoito facilitate their migrationtowards the lymph

nodewhere T cellsommonly residg¢l2, 82, 89]Lymph nods contairadenser
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cellular environrant, wherea compact areansures increased celland DG

encountes [81].

Inthe absence of pathogefd, cellsnteraction with DCs in the lymph nadenly
lastsa fewminutes[91]. This shorlived interaction ensures a continuous T cell
search throughthe lymph nodes, until they encounter a cognate antigen
presented byDG. Oncea T cell recognisgthe cognateantigen, the interaction
with DClasts for 12-24 hours which is allocatetbr a full T cell activation and

proliferation proces§82, 91]

T cell activatiomepends on TCR®iteractiors with antigen presented othe

MHC moleculgwhich is also known as Signfd2, 93](Fig.1.4). The number of

DAMP:
and PAMPs : °

'7 e /
2 ﬂ | Signal 2: co-stimulatory
| molecules

Signal 1: antigen-
specific interactions

" Signal 3: instructive
==| cytokines
< e ~>0%

Activated DC CD4*' Tcell

Figure 4 T cell activation by DT.cell activation depends on the antigen presented
MHC by DC. This provides Signal 1, which induces T cell activation.-staxtjletory
molecules such as CD40L mediates Signal 2, which amplifies Signal Eliespoes.
Released cytokines from DC also cause the Signal 3 response, which results
differentiation and effector function. Image obtained from Kambayashi et al. [AQ1-
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interactingTCRs witantigerMHC (i.e. avidity) and the level of binding between
TCR and peptide (i.e. affinifirects T cell activatiof94, 95] If a presented
antigenon MHC has high affinity to TCR, it will require a low number of TCRs
to interactwith MHC for T celctivaton [95]. Whereas avidity helps T cells to
respond to the antigens with low affinity agrsity, and incrase cds(activation
responsg94]. The signdrom TCRs further passed e CD3complex, which
induces further signal transduction cells[96]. This initiates thecytoskeletal
structure (actin and microtubuleg)rganistion, forming an immunological
synapsebetweencells[97] (Fig.1.5). The §nal lactivates nucleafFs such as
AP1l, NFAT and NF. that initiate the gene expression for H cytokine
productionto support TcelkQsurvival and proliferatiof@7, 98] In addition
lymphocyte functiorassociated antigefh (LFAL), an adhesion ligand of T cells,
undergoesa conformational change to increase thaividityand affinityto the
intracellular adhesion molecule (ICAM1) expressed on other immune cells
[98-100]. LFAL is usuayl expressed onon-activatedT celbCsurfaces but at a

low affinity statg100]. Uponcels(activation, LFA provides a stop signal for T
cell migration which alseenhancescellcell interaction andfurther mantains
TCR stimulatioresponsg98, 101]After Signal 1, T cellequire caestimulation
(Signal 2) to sustain and enhance activation diggalithin the cell[93, 97](Fg.

1.4). This also prevents T cells frofne LJ2 NB a LJ2 v asfat® 6r ceWl y S NH ¢
apoptosig82, 102] During Signal 1, CD28 is upregulatethe TOSf f Q& & dzNJF
and interacs with CD80 and CD&&xpressed on DCSignal 4s driven by CD28
function,which mainly amplifies th8ignal 1 by upregulatirajreadyactivated

transcription factors. Thsustairs IL-2 secretionandinduces
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Dendritic cell (APC)
Dendritic cell (APC)

Immunological synapse ( ‘ é /
L : ®

Tcell Sai /)/J hoose ®

Y
Tcell
|
LI
Central supramolecular O T cell receptor OX40 LFA-1 e Actin filament
activation complex (cSMAC) T (TCR)
Peripheral supramolecular ®| MHC with ICOS ICAM-1 _———_ Microtubule
activation complex (pSMAC) ] J antigen '
Distal supramolecular | o MrToC
activation complex (dSMAC) % D28 l F CD80/CDE6

Figure 15 Immunologicabynapse between Tcellsand APGzNA y3 ¢ OStf T OGAGI GA2Y S AYYdzy2t 23A0! f
LINPOSaad ¢KAA LINRPOS&aa Ay@2ft@Sa ydzYSNRdza Y2t SOdzZ SacentrddaramilecilaN Ztivadior
complex (cSMAC), peripheral (pSMAC) and distal (ASMAC) regions. cSMAC region initiates TCR activation by MHC mole&?€3 (iadode Signal -
whereas cestimulatory molecules such as CD28 and ICOS (part of Signali®)tamflignal 1 and mediate the cytoskeleton arrangement (i.e. actin filar
YR YAONRGdzodzZ Sao G2 akKFLIS ¢ OStf Qa apwhichdactes andferairds th©iftgfaction hetweeR[EIB
Keyword: MTOGE microtubule organizing center. Figure created with Biorender.com.
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the proliferationresponse[102, 103. At this stage T cells support themwn
survival and proliferation viautocrine mannetby producing H2. CD28 ce
stimulationalso preventellsfrom apoptosis by accumulating aapoptotic
BckXl and increasingietabolic activity such agucoseuptakefor Tcells[104].
Other cestimulatory moleculesuch asCD40L, ICOS and OXx406mote T cell
activation by priming, enhancing O S f dur@val and tolerancen cells,
respectivel){105]. If caestimulation occurs without TCR signal, ¢hexpressed
inhibitory signals such as CTA_£cytotoxic lymphocyte associated protein 4)

stops T cell activation by binding €£D80/CD8RL02].

Antigenexperienced (memory) T celle costimulation independentas
reactivation by antigen onfy.e. Signal 1§ sufficientenoughto induce¢ OSf f & Q
activationresponsg105]. In some cases$he adaptiveimmune responselriven

by T cellbecomeshe first respondereven beforethe innateimmunesygem,

generally known to be a vice versa respojeq. One study reported where

tissues residentiaimemory T cellinduced DCs maturation, activatéK cells

and recruited more T cells to the site upon virahfection[106]. Clearly, it was

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

T celé activationrequire acytokine based Signal #)at determines ceil
phenotype and effectofunctions [92, 93] (Fig. 1.4) After the phagocytosed
extracellular or intracellular pathogen, AREcretea specific set otytokines

instructing naive T cells on the required respofi8@g] (Fig 16). For example,
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Example of
stirmuli

Palarising
cytokines

secreted by

APC

Committed
T cell
phenotype

Maive CO4+ T cell (Tho)

Virus Parasitic worm Fungus Bacteria Pathogens Self-reactive cells

o) #
+

+ + + + +

IL-12 IL-4 IL-4 IL-4 L-& IL-2

IFNy TGFR TGFE L-21 TGFR

Thi Th2 The Thi7 Tfh induced Treg
(e.g. Th3, Tr1)

Figure 16 Cytokine pool effect CD4+ T cell phenotypémulus, which could be an
pathogen or selfeactive cell, induces APC activation. thises the release of specil
set of cytokines which instructs the activated, naive T cells (already received S
YR HUO 2y GKS NBIJjdZANBR OSffQa LKSy2i
Figure created with BioRender.com

bacteria and parasitesause thdl-4 secretionwhich causélh2 type response

[107, 108] This leads to B cell activation by Th2 cells tardyenerationof
antibodies[108, 109] Whereasviral infection cause IL.-12 secretion, thus
inducingThlandCTL functiofil10]. Thicellswill support CTL activity whilst CTL

are cleaing the virally infected cel[, 111, 112]Iin addition the combination

of cytokines and the signal strength from T@&wate specific THssponsible

for definingthe T cel dhenotype[54, 113] For example, iuH | YR L b C!
cytokineswith astrong TCR signal activaiet TFo induceThl; whereas IL

2, IDCi dstyoRy TCR signal activatexp3 TFs fofreg[6, 114116]. Signal
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3 is defined aghe final signal receiveloly T cells over the course of activation

procesq117].

T cell responsanalsobe induced by noipeptide derived antigengresented
by CD1 and MHC clasglatedprotein (MR1]118, 119] CDXcan present lipis|
asmall synthetic molecules skin oil for T cell activatipmhereas MR presents
Vitamin Bmetaboliesproduced byabroad range obacteria, activating mucosal
associated invariant T cellS1AIT) [118-120]. This helpgo set theimmune

response againstariousantigensnot justpeptide-derived ones.

1.1.3.4.Antigen presenting cells (APC)

D& take a great role in inducing T éelictivation[89, 121] In absence of
pathogen,DCretain an immature state, where they reside in the peripheral
GA&dadzSa | yR uhdihgyfogiotSrial stiufig1a2i2MMB stage
they alsresent theselfantigersand ICOS{linducible cestimulatorligand)for

T cells to maintain the immunotolerance respofi€ib]. 5 /s OShindsto the
presented ICOS on T cells, which indi@€ to maintairihe low levels ofco-
stimulatorymolecules and cytokingecretion[89, 105] In some tissue areas,
where microbial gwth is normal (e.glungs, skin, intestine DC receive
tolerogenic mediatorsi.e. IL-10, TGH) to preventtheir own activation[105,
122] But it isa different situationfor blood or other sterile tissue areaghere

DC underg@a maturation processipon pathogen encountgf05].
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Uponpathogen exposure, D@dergor OG A @ G A 2y atunKR @R dz2ay S
123]. On their surface, they increase MHC molecules presenting areigeass
co-stimulatorymoleculesand secretepro-inflammatory cytokineso induceT
cell<xesponse[89, 105] DC morphologglsochanges intd  Wa i St f I G SQ
which increasests surface aredor interaction withT celQ simultaneously
increasinghe number ofinteracting TCRw&ith MHCmolecules(Hg. 1.7. This

makes DC a favourable APC celltler T cell activation, as-&llslack the

dynamic membran@eeded for effective stimulatioresponse[121]. Mature

DCs express high lesadf CCR7 chemokine mgutor that enhances their

Immature dendntic cell Mature dendritic cell 63.5

Iy IL2 114,15, 1113 IL-17, 1L-21, 1L-22

Figure 17 Immaure and mature DC phenotypes, and T cell activaiomature DCs
search the surrounding environment by phagocytosis for pathogen or danelatgl
stimuli. They express autoantigens or environmental cues on the MHC molect
maintain the immune toleraze and Treg activity. Upon pathogen encounter, [
upregulate MHC and estimulatory molecules on their surface, and secrete the spe
set of cytokines to activate T cells. Mature DCs morphology also change into the
shape, which enhances therimnological synapses formation between cells. Imag
collected from Comabella et al. (2019))
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migrationto the nearest lymph nodé&om the perpheral tissue$105, 124]In
this state, DCs alsstop further antigen uptakeand processing, mainly to
present the currenaintigen related to th@athogen found in the nearby tissues

[105].

T cell activation could be induced by any other tietisexpress MHC on their
surface All nucleatd cells express MHC Class |, whtdil times present sel
antigens as an indicatiaf Healthy cell90]. During intrackular infection, the
same cell wilbresent norselfantigersderived from pathogeson MHC Class |,
andwill signal for cytotoxi€TL responsg4, 90, 105]This is usefuf the re-
infection occurs and residential memory T cells (anteyguerienced) induca
localised immune respong&0]. This delays local pathogefrom spreading

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

immune responsg§lLo].

Uponextracellulapathogen encounter, DCs will present thntigens on MHC
Classlimolecu#§0]l® al / [/ fl &d&a LL A& YIAyfte laazc
such as B cells and macrophages, but it can also be expressed by oteeckells

as neutrophils, monocytes, epdinl and endothelial cellsnder the influence

of IFN cytokine[1, 90, 125, 126]However, thesaypes of APCaunder IFN

influenceare only able¢o activate memory T cells

In summary, D&xake thelarge partof presenting the antige and activating T

cells Together with other types of APCs, frequent and multiple encounters of
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antigen for T cellareneeded to support their function uihtomplete pathogen
clearanceln absence of pathogen or danger associsteduli, APCwith slf-
antigens maintain the tolegenic resposeand support homeostatic survival of

naive TcellsviaMHC Clasg127].

1.1.3.5.Memory T cells

The aaptive immunesysem forms immunological memory aftehe first
antigen encountef44, 128, 129]It occursat the end of infection, where the
large populationof effector T cells (965%)commit apoptos and leave a
fraction of cells, known asemory cell§129]. Memory cellsvill respond to the
subsequent antigen exposuvéth an increasd proliferation rate and effector
function capacity which cause a secondary response quicketh@amimary
one[128, 131] Theyalso have access to the peripheral tissaesl, restrictfor
naive cells[44]. There arethree types of memoryl cells that are functionally
and locdly distinctiveamongst themselve<CD4+ and CD8+ T cell subsets can
become memory T cells, classed as effedieny, central (€m) orresidential

cells (fm) [129, 130]

Temmainly circulate througlthe spleen,blood, lymph nodes and peripheral
tissues, such as lung and intestifig®, 129, 130, 132JAfter antigen encounter,
theyinducea rapid effector response with loproliferation rate, making them
WFANR G NBRARYRENERY FSOGA2Y di¥igi A.§[10,Y 2 NB
129, 130] Tcmhave thesame role a3em buttheycirculate througtthe blood

and lymphoid tissuegther than residing in netymphoid tissue$76]. A lkey

32

(0p))



characteristic offcmis increasel proliferation capacity, wheopon antigen
encounter producea larger number ofeffector cells[44]. Whilst Temin the
periphery delivethe first response, this gives time féocmto proliferate and
form alarge number oéffector cell{Fig. 1.8[44]. Inthe absence of infection,
Tcmtogether with naive T cells circulate throutjie lymphaticand blood
sysem anddedicate6-18 hours perlymph node to detect theognateantigen

[130]
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Secondary antigen-specific
effector T cell b c

Virusﬁ
tissue

AP CICIICY

Figure 18 Memory T cell response in the peripheral tissagBuring secondary antigeaxposure, local memory T cells (i.e.Tem, Trm) are the first to respo
the pathogen (i.e. virus). In the meantime, antigen specific Tcm circulates through the system until they encountertéhantimgmain lymph nodes. Activate
antigenspecific merory cells migrate to the infected site, proliferate and initiate the immune respbngé.the infection site, only antigespecific memory T
cells will deliver the effector respong®.The increasing number of antigepecific effector T cells at tissaed lymph node sites, ensures the effective pathot
clearance. Image obtained from Woodland et al. (2003)
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Memory T cedl entering norlymphoid tissue areas can become residential T
cells Trm) [76]. They are mainly found mucosal tissug(intestine lungs, skin)
wherefrequentantigen exposure occufg6]. Thesecells residgermanently in
tissuesby expressindiigh levek of adhesion markers ando not circulate
through the sy®em as other memory celld29]. In tissues, cells maintain their
own expansion and induce immediate response uhtin produce active

effector cel$[76, 129]

Immunological memory develops through childhoa upon constant
exposure to the environmental microbes atahgerrelated particleg129]. At
anearly agethe T cell pool is mainly composed of naiand Tegcells, which
become memory cellsipon antigen expase. During the agng process,
memory T cells pool increases whilgive T cedlpopulation declines over time
[129] Thisisduetd K & Y dza W al$o Kdownlas tBySiQinvolution, where
at an elderly age tk output of naive T dlsis reduced[74, 133] In contrast,
memory T cellspool is maintained througlut aging by homeostatic

proliferation mediated byl-7 and IE15 cytokine$76, 129, 134]

1.1.3.6.T cellplasticity

During T cell activation, a naive cell differentiates into the mature effector cell
with a defined function and lineage subsd@iaple 1.1. CD4+ T cslisubtype is
defined by the antigen type, TCR sigt@ngth and cytokine milie(Fig. 1.5
[135].2 KSNBl a4 /5yb ¢ OSftfa YlIAyte 3Si

their cytotoxiceffect[136]. However, the committed effector cells can still alter
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their phenotype and function under the changing tissue environment. This is
1y26y | a ¢ wWherkifacoinmiitdd e dhankdis &én@racteristics

to a different T cellineage(Fig. 1.10)J6, 137] Oneexampleis Th17 which
normally expresseRORt transcription factor and L7, where found to be
secretinglLl-17 andIFN duringbacterial infectiorj138]. Th17alsoexpresed T-

bet transcription factorthat aremainly found in Thl cellk is speculated that

the reason forThl7 plasticityand acquired Thl functiois to prevent the
bacterial syfematic spread138]. It is clear that under the right circumstances,

T cellsadapt to deliver an appropriate response.

Naive
CD4* T call

- Polarization

Plasticity <&

Figure 110 CD4 T cell plasticityNaive T cells have the greater capacity of plasti
(hence the cell size)nder the influence of cytokine milieu. During naive T
differentiation towards fulhcommitted phenotype (i.e. polarised cell, small cell size
midpoint of the process it still has the capacity to commit to several phenotypes
produces T cellwith distinctive effector functions, which are not normally found in fi
polarised cell. Image obtained from Du Page et al. (26]L6)
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1.2 3D culture

The majority of the biological experimerdsntainin vitro (outside of living
organisng) and in vivo (within living orgnisns) studies.In vitro studies are
carried out inplastic orglass containers (defined as 2 dimensional i.e. 2D
cultures), which lack the niticellular organism analyse®mmonly found in
animal modelg139]. However, 3D (3-dimensional)culture is getting more
FOGGSYadAz2y | a 1 kée tWo thidesRait&dRes becausd &b v
overcome the simplistic culture experimental set ups and ayeidtic and

physical differences toumanrelated studie$139, 140]

The demand for th&D culturesydgem could bereflected n article publishing,
whichpeaked inl990(Fig. 1.11). Thisould be attributed tdhe availablenovel
methods and materialand the demandfor tissuespecific experiments
However, there was a cleardme in publishing in 2022 that may have been
affected by the COVIBEL9 pandemic- causing research facilit@slosures,

delayed data acquisitions and reduced rese&uolding[141].

3D cultureis part ofin vitrostudiesand carnbe set up with scaffold or scaftbl
free technique$139]. Scaffoldbasedcultures require a bioaterialthat allows
a structural platform for cells to grow. This could be hydrogels, hard polymer
scaffolds, micropatterned materials (e.g. electrospinning), decellularized tissues
and microfluidic devicegl42, 148]. Converselyscaffoldfree techniques are

mainly based orthe cellular aggregates(i.e. spheroids andanging drop
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cultureg [140, 142] Depending on the research questitimere is an array of
methods and biomterials to studya specific cell response. For example,
spheroids made frorthe cancer cells represent compact tumour tissicesal
for drugscreeningstudies[144]. Microfluidic device can beused to study the
valve formation by controlling theffect of lymph flow and wall shear stress on
the lymphatic endothelial cellgd45]. However, hydrogels areideal for 3D
culture studis due to their ability to recapitulate cdiCM interaction
commonly foundn vivostudies[140, 146] Notably they can retain >95% of

water intheir structure which recreate fluid-filled like tissueq§142, 146]

The rest of this section will explore kagpects of 3D culturand discuss its

relevanceor T celltudies.

Nr. of publications per year on '3D culture'
PubMed

0 T o . T T 1
1920 1940 1960 1980 2000 2020 2040

Time (year)

Figure 111 Number of publicationger year orthe Wo 5 O gykeih.dehNgreph is
generated from PubMed based treWo 5 Odzf  dzM&Spmblidatide niu@ddeiRsd ¢
reported by year from 1938 2023.The decline of publications in 2022 are attributed

to COVIEL9 pandemic effect on researfi¥1].
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1.2.1. Dstinction between 2Cand 3D cell cultures

2D cultureis a commonly used method in various research studies. Due to its
simplistic method and low costs, makesthe studies more affordable and
achievablg142]. However, cellstill lackthe natural tissue environment that
could dfect their natural respose For example, one studsxplored HIML
infected marophage migration, where virusrelated protein Nef enhanced
migrdion respnse in 3D culture but not i&@D culture[147]. 3D culture
observatios supportedn vivostudiesin mice, whee HIV infected macrophages
became migrating cellgL47]. The distinctions between two cultusggems are
highlighted inTable 1.2which summarises the overall effect on cells and

technical aspects of tha vitroexperiments

The clear differences between twovitrocultures 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
tissueenvronment.For examplestudies on the immune cetkllinteraction like

in lymph nodegould be studied in 2D culture. This is because the lymph node
contains moreof a cellular compartments of immune cells, which laitie
interstitial ECMenvironmentfor the purpose tanaintain ceHcell interactioisto

elicit an immune respons@-ig. 1.12)148, 149]ECMof the lymph nodeappear

in a eticular network form, whiclsheathed by the fibroblastic reticular cells
(FRG)leavinga small patches of ECEkposed to the immune Hs for adhesion

and antigen samplingrocesse[150, 151] However, 2D culture could be
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Figure 112. ECM interaction with immune cells in lymph nodes and peripheral tissues.

Lymph nodes contain the reticulagtavorks, whiclcreatet WO St £ dzf I NJ O2 Y LI N,
immune cells to interact with each other. Retictilaersare surrounded by FRC which

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

allows immune cells to interact WitECM content. Whereas immune cells in the
peripheral tissues are surrounded by the B@@&tvork. Figure created by BioRender.

replaced by larg@orous scaffolds to replicate lymph nof®B structure, which
still support the celtell interactiong67]. The decision on culture type depends
on the research questioas to what extent 2D or 3D culture is reqdir@nd
feasible for the research; howeveexamples in Table 1.ihdicate clear

advantages of using the 3D cultigyetem.
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Table 1.2. Differences between 2D and 3D cultures

Cell/material 2D culture 3D culture Example Ret
related
characteristics
Cell Cell Retain the Dendritic cells (DC) in 2D culture [139,
morphology morphology is  morphology formedlong dendrites, whereas in 125]
different to cells like in tissue collagen hydrogel tie appeared
found in tissues areas rounder with short protrusions
Cell polarity Forced polarity Cell polarity anc Macrophagevith IL-4 in GelMa (153
and elongated shape hydrogelpolariedintomoreto M2~ 15
cell shapes maintained type (induce wound healing) than
cultured on 2D culture
Cell Poor marker  Support cell Bone marrow cells the collagen [139,
differentiation  expression, differentiation  hydrogé differentiated to DC, igg]
limited expressing specific DC markers (e.g.
differentiation CD11b, CD40, CD80) than in 2D cult
Cell to cell Directcelcell  Cell have CAR T cells (engineered cancer spec [155,
interaction contact; controlled and T cells) were cultured with ovarian 12;]
unrealistic/enha limited cancer cells. Under 2D culture supert
nced cell response to cytotoxic effectwere detectegigelath
response other cells; set methacryloyl hydrogel the
up therelated  microfluidic device showed poor
complexity of  cytotoxic effect
celkcell
interactions
Cell to matrix Platescanbe Cellsexpsed T cellStimulation by DC the 2D [140,
interaction coatedwith ~ to ECM culture causelarge proliferating 2,
155,
ECM components  clusters of T celldue to prolonged 159]
components  from all interaction with one D@nthe 3D
but celECM directions; collagen matrix T cells forradsmaller
interactionis  mitigate cell proliferating aggregates and
one sided realistic maintairedshort interactios with DC
behaviour (i.e. due to induced cell migration by
migration, collagen. T cells under 3D interact wil
adhesion) multiple DC.
Gradent Cells are equall Molecular Regions of hydrogel which had hypos [139,
exposure  to expose to gradient is (low oxygen) induceahigher T cell 155,
nutrients, nutrients, present, cytotoxic effect against ovarian cance 157]
oxygen, drugs oxygen, drugs; unevenly affect cells than normoxia (normal oxygen
stimulus no molecular  cells level) regions
gradient
Adhesion anc Cell migration is Migration Tumour specific T cells mighgeross  [140,
migration limited toxy ~ induced taxyz  collagen and induced 25% killing of igg]
directions; due directions tumour cells. Whereas in 2D culture,
to adhesion cells settled down to the bottom of
cells retained in plate due to gravity and induced
oneposition; comgete killing of cancer cells.
gravitational
setting
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Table 1.2. Differeneebetween 2D and 3D culturgEontinue)

Cell
proliferation

Costs

Avalilallity  of
equipment and
assays

Experiment sel
up and data
analyses

Reproduction
of in vivo
environment

Stiffness

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

Inexpensive

Wide range of
assays and
equipment
available to
analyse cell
response
Less
complicated
experiment set
up and data
analyses

Limited

Limited;
commonly usec
tissue culture
plates are rigl,
reaching
stiffness level to
GPa

Cell
proliferation is
lower due to
reduced cell
cell to
encourier

Expensive, but
in some
scenarios could
replace
expensive
animal models

Limited
availability of
kits and
equipment to
analyse 3D cell
cultures
Experiment
readouts could
be complicated,
especially wher
study involves
various factors
(i.e. type of
material and its
properties
influencing
cells)

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

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

T cells proliferated less in alginate [139,
hydrogel than in 2D culieionce they igg
encountered APChig is due to low ce 161]’
encounter frequency; T cell
proliferation was lower to DCtime
collagen hydrogel thanin 2D, as T ce
migration on collagen caussibort
lived interaction with DC
[139,
142,
162]
[162]
[158]
Collagen scaffoldased3D cancer [139,
modelincreased cancer cell growth ﬂ'g
(tumour mass), invasion across the 155,

ba§ementvm,embrar]e (migration) anc 163]
a U0 NHzO U dzhdsenswithlchnéai
cells. Altogether replicatd cancer
architecturefound in tissuesThe

model was used to study atdimour

CAR T cell function.**

T cell proliferation to APC wasproved [142,

in porous alginate hydrogel tviigh igi
stiffness level as opposed to shfgh ;¢
collagen hydrogel density limits T cell 165j

proliferation responsenorethan low
density

*M2 ¢ macrophage type 2 (induce anflammatory responsgl* CAR T ceflchimeric antigen

receptor (C 0

¢ OSftas 3IASYSGAOKTt e wbnfuBraspoSsENBE R LI G
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1.2.2. Tcells and 3D cell culture

The3D T cell culture research area gdiits popularity from late 200@vident byan
increased number of publications per yéag 1.13. There is a cleanterest from
material science and T cell biology on improving cunrefittostudies but the number

of publications is still low in comparigorother research areas (e.g. Fig. 1Alinited
number of publishedstudies chllenges current researchers to understand T cell

requirements ira3D culturesysem.

Nr. of publications on 'T cell' and '3D cultwre'
PubMed

60 -
50 A
40 -
30 H
20 -
10 A

0 T - T T T T 1
1970 1980 1990 2000 2010 2020 2030

Nr. of publications

Time (year)

Figure 13b dzYd SNJ 2F LJzof AOF A2y a LISkEerSheN 2y W,

INI LK A& 3ISYSNIGSR FNRY tdzwwaSR o6l aSR
publication number is reported by year from 1938022. The ddime of publications
in 2022 isattributed tothe COVIEL9 pandemiQ éffect on researcfil41].

The nmajority of 3D culturestudies begin by reflenty first to the tissue surroundings
whete T cellare commonly founfl57, 160, 161, 164, 16®9] For example, Mollica et
al. (2021) studied the impact on T cell infiltratiorthegendothelial cell wall to taegthe

pancreatic cancer ce]ls70] The @ncreatic tumour microenvironmeobntainsstromal

and fibroblast cellswhich cause excessive ECM depositiofiinaour-associated
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endothelial cells thatreateananergic vasculatute limit T cell infiltration to the tumour

Ste. In the microfluidic device, pancreatic cancer cells were encapsulitedafiagen
hydroget (abundant protein in ECM), surrounded by pancreatic stellate cells and
endothelial cell wallThe data has showhcells had greater migration towards @&nc
cells and stellate cells omtythe absence of endothelial cell wedther than in presence

of it [170] It is cleathat 3D pancreatic cancer modelould be unfeasible under 2D
culture settings because it could not provide 3D architecture, different cell coraptatm
and might misrepresent cell morphology/polarifihie najority of T cell work occurs in

the tissue surroundings, thus 2D culture studies underrepresent sT arell their
functions.Specific tissue areas amviewed irthe following sections that exjtehow

different environmergaffectT cell functions

1.2.3. lymph nodemicroenvironment

[ YLK y2RSa IINB (y26y +ta WoAz2f23A0Ff 1
cells checking the draining lymph fluid from theaadpt peripheral tissues for

the incoming pathogen§l71]. Lymph enters via afferent lymphatic vessel and

goes through theonduitsygem crossinghe superficial cortex, paracortex and

medulla regios (Fig. 1.1%[150]. Each region contains distinctivepoilations of

immune cells thaincrease the chance of detecting any inconpatogen [7,

12, 171] The paracortex regions the main sitfor T cellswhere iDCor

peripheral migratesnDCinitiate the adaptive immune response. Lymph fluid is
alsoscreened by the iDC in the paracortex ragand if DCare activatedthe

mature DC will initiate T cell responger1].
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Cortex

Faracortex

Medulla

Migratn; DC Afferent lymphatic veszals

CD169" macrophage

Efferent lymphatic vessel

Figure 114 Structure of the lymph nodBach different lymph node region is dedicat
G2 GKS &LISOATAO LRLWZ A2y 2F AYYdz
chemokines. Cortex region is dedicated for Bativation with assistance of FDC a
MRC, paracortex for T cells and medullary sinus is mainly populated by macroph
cells enter lymph nodes via HEV to the paracortex region, and search for the c
antigen presented by DCs. Upon antigen entanm cells undergo activation ar
remain in the lymph node for several days. In the absence of antigen, T-egiterre
the HEV system and circulate to the subsequent lymph node for the continuous a
search. Keywords: HEWigh endothelial venuld:DS; follicular dendritic cells; MRC
marginal reticular cells. Image obtained from Girard et al. (JQ2R)

The @aracortex regiorontairs reticular meshwork anBR{150, 151] As reviewed by
WillardMack (2006),He entire lymph node is made fraiime reticular meshwork, a
spongdike tissue composed off ECM (collaggre | Il and IV, elastin, entactin,
fibronectin, laminirl, tenascin, vitronectin, heparansgte) [171] TheECMitself is
Wg NI LIS FRGhatnaintain the ECM structu(®ig. 1.15[150, 151] FREshow

the features othe epithelial cellas well asthey elongate across the reticufdaresand
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collagen

fibrils

Figure 115 Reticular meshwork and conduit systétaticular meshwork is wrapped t
the FRC, which maintain the ECM structure. Small gapsaanly occupied by APC cel
such as DC, as they sample the running lymph through the conduit system and
for the antigen. Image obtained from Roozendaal et al. (J008)

form tight junctions betweethe cells. 90%f reticular meshwork is wrapped by FRC,
leaving a small regisexposedo the immune cellfl 71} The small regions are mainly
occupied by ARCsampling the lymph running through the condysgem (within

reticular meshwork) fquathogeng150]

T cell migration iainlymediated via fibronectin and collagen IV expressed on the FRC
cell membrang/, 148, 171]The same studies emphasise that T cells do not interact with
ECM found in reticular networre study have showed that activated T cells have
increased expression of integrerstheir surfacewhich mediate cell attachment to the

ECMintissud$72] If ECM in lymph nodes are exposed to the activatdts;Ttiais ould
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cause the prolonged locali®n of cells and delayed immune respoiiiseell motility via
paracortex area is also controlled by B&&Zetel homing chemokines such GEL19,
CCL21, CXCL12 and lyssphatidic acid (LPH)73] Thiscausenaive T cells (antigen
inexperiencedp remain irthe lymph node fonearly8-12 hours aly, until they migrate
to the subsequent lymph node file continuous antigen sear¢h73, 174] Oncethey

encounter the antigerT, cells remain for-8 days fothe stimulation and differentiation

processsin thelymphnode[175]

In addition, T cells enter and exit lymph redia high endothelial venules (HEVS),
specialised blood vessels formed by higboidal shape endothelial cefiermitting
lymphocyte transmigration across the ve§seél] HEVs are only found in lymphoid
tissues (excepihe spleen)where they expressieparan sulphate which immolslis
secreted chemokines (e.g. CCL21) to induce transmigration of T cells to lymft2nodes
176]. Distindive blood vessels and immolgiischemokines targeting only immune cells

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

Theymph nodsare elastic organs, whengon increased lymphocyte proliferatibiey
increase theirsize tanaintainthe expanding cell populatigh48] Duringahealthy state,

lymph nodes are classified as soft tissues where the stiffness level ranges from 120 Pa
1kP4g177, 178]But duringhe diseasetsite, lymph node stiffnegscreases, for example:
metastatic breast canceausedymphnodesto reach45.4 kPaKawasakdisease 12.2
kPaandbacterial infection 16.37kPE/8, 179]This alsaffects Tcell metabolic activity,

as theyexpress Yeassociated protein (YAP), a mechanosensor whicklfaekto cells

aboutthe changing mechanical forces in the surroundib88]. During inflammation,
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lymph nod@ $iiffness level increasesilst T cells undergamactivation proces®8ut in
the resolution process, the stiffness level decreasbe ilgmph node area which results
in reduced mechanical forces on cellpon reducd mechanical forcey AP reduces
NFAT activity, @Fresponsible for activation and proliferation respoinsé cell$180]

This eventually bringjse T celsto the senescence stage, as their respasiset needel.

One more specific feature thie lymph node for €ells is the narrow passages for cells to
migrate in between the reticular meshwork. Kaldjian et al. (2001) indicatesticular
meshwork interspaces ranges betwee205m wide, which is enough &3 T cells to
pasq148] It is possible thatarrow passage of cellstaucturedto increase the cetiell
interaction, especially with ABié&aring the cognate antigeBne study mentioned that
one APC wilhieract with 5066000 T cells per 1 hour in the lymph node, which ensures
that upon frequent celtell interactions an immediate immune respasseduced when

itis needed175]

Overall, lymph node structure provides T cells waitbellular rather than matrix
microenvironment. The organ itself is organised to provide an immediate and efficient T
cell response by limiting contact with ECMiaddcefrequent encounteramongsthe

local cells.

1.2.4. hflammatory tissue microenvironment

T cells enter the peheral tissue site once there is inflammoaticaused by
pathogen or dangerelated stimuli These cells, as mentioned before, have to

be adivated first to change theiaive phenotyp#o enter the peripheral tissues
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[44]. Naive T cells are not equipped to deal with peripheral tissues due to the
lack of active adhesion rezules suitale for ECM172]. They expresadhesion
molecules (e.g. CD62L) to maintain their circulation through the lymphoid
sysem and search for the cognate antiggf6]. Thismeans that inflammatory
tissue areas are mainly dewlith by antigeractivated or memory T cellsince

they are equipped with adhesion receptors to maintain their location and

function in the peripheral tissues

Peripheralissues contaitwo types ofECMknown as the interstitial matrix and
basement membrangl81]. Basement membrane éscompact matrix mainly
madeoff the collagen IV, laminins, heparan sulphate proteoglymerecan and
small proteins likenidogen and entactifl81-183] The ECM itself is highly
crosslinked with glycoproteins and dety packed with protein fibse which
altogether servas the boudary between differentypes oftissueqg182, 184]
The interstitial matrix iamore lase fibrous networkcomposed from collagen
[, Il and Vand fibronectin, whichprovides scaffold and strengthfor the
peripheraltissues[182]. It also containshe chondroitin, dermatan keratan
sulphates and hyaluronic agldA) all togetheridentified a glycosaminoglycans
(GAGs) The basement membrane controls extravasation of the immune cells
from the blood vessdb the tissusOmatrix, whereas the intersttial matrix
permits cell migration across tiieA & &rdag B2 hemokines and cytokines
released by edothelialand inflammatory cellglirect T cell adhesion to the
endothelium and intraluminal crawling until they fitlde permeable site to

mediate tansendothelial migratiofi85].
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During the inflammation process, one of the keansitionalmoments inthe
interstitial matrix iECMdegradation fig. 1.16 [3, 182, 184]lt is induced by
released proteases such as nikfaroteinases (MMPs) thategrade all ECM
proteins[181]. This facilitates leukocyte infiltration, especifdlyT cells, to the
inflamed tissue areas where loose ECM networks provide wider gaps for
incoming cell§182]. However, T cells can migrate through the matrithe
absence of proteolyt enzymedy usingamoeboidtype movement known for

its low-affinity migration, independence bl integrins andnducedO S fadirQ &
cytoskeleton reorgaradion [186]. Nevertheless, this movementan be
restricted by densdissue matrices, limitingT cell migratiorbecause ofthe
smaller matrix gapld 82, 186] This could be attributed to the expressed lamin

A protein, responsible fahe nucleld Q& & (piéfdrtoinidzdelisfig7]. Only
activated T ells express this protein, thus limitidgSt t aQ YA INI GA2Y
dense ECNb prevent nucleus deformability and ruptUted8, 164 187] In this
circumstance ECM degradation isompulsory for T cell infiltration to the

inflammation site.

Upon ECM degradation, there are various ECM degsatleasedo promote pre
inflammatory responspl82] Damaged interstitial matrix by pathogens or mechanical
trauma causes the release of molecules such as tenastiai@y(occurring in synovial

fluid and cartilage), biglycan, heparan sulphate angrolecular weightyaluronarg
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Inflammation in tissue Tumour
High stiffness level (e.g. breast cancer >5 kPa)

Normal tissue

Stiffness level 1-3 kPa (soft tissues) Increased stiffness

[ . .
e Resting fibroblasts ¢ Degraded ECM . In?reas.ed !ECM deposition .
e Surveilling immune cells ¢ Migrating immune cells . M_lgratlng immunosuppressive ce.lls
o Low levels/absent chemokines, cytokines, GFs ¢ Increased levels of chemokines, cytokines, GFs * High levels of chemokines, cytokines, GFs
e Normal ECM dynamics ¢ Increased levels of ECM deposition ® Loss of tissue structure
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cell layer

Basement
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M(Zollagen ¥ Proteoglycan (with GAGs) % Fibroblast @ Cytokine 5}@ Immunosuppressive cell . Cancer cell
& Sl
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Figure 116 Cellular and matricomposition in normal, inflamed and tumour tisslleshe normal tissue, there is a healthy balance between cells and n
components which produce a microenvironment with less mechanical tension and stress. During inflammation, damagedrisasesieaECM fragment
GKAOK OG a WRIFIY3ISNR aArAaylrfa FT2N dKS Ay Tl YYl (2 NBand@dwth Eadorsiwkich dnedial
the immune response and tissue repair processes. Towards resolutioh, @ G SR FTAONROf ada RSLIR2aAaAd 9/ a
microenvironment, there is high disorganization of matrix and cellular components which result in excessive ECM dapagitiambof secreted molecule:
The abnormal cancer kg growth, recruitment of immunosuppressive cells and activation of fibroblasts leads to more rigid and stiff tissues§8udiju

Figure created with BioRender.com. 51



all knownras extracellular DAME28, 182] Hyaluronais agreat examplefhow T cel@
activity ismediated by thisbundantGAG moleculimund in all tissugd 88} It interacts
with T cells via CD44 adhesion receptor, apmeiading orits molecular weightt can
induce pre or antiinflammatory responsg{182, 188] For examplehigh molecular
weight hyaluronan is found the healthy tissuesnainlypromotingT regulatory cell
activty to maintainlocalimmunotolerance respong@89] But upontissue damage,
hyaluronan fragments (low molecular weightl promote effector T cell activity by

supporting their migration and survival durthg inflammatoryespons¢182, 188, 190]

The ECM alsananipulatesthe concentration gradient of molecules, which attract,
localise and support T cellstlag inflammaton site[184] One of the &y players are
heparan sulphateanother GAGmolecule but with a strong negative chathet
sequestes secreted chemokines, cytokinaad growth factorsn the matrix[191]
Heparan sulphatés known to sequester released-Land IFN cytokines, which are
important to maintain T cell survival and mftammatory response, respeely [6,

192] Without heparan sulphate cyiaks would undergo proteolyssentuallyiimiting

the effect on cell[191] It also binds tthe chemoknes (e.g. CXCL12, CCL21, CCL19),
which are present ithe blood vessels and interstitial mattxmediate T cell chemotaxis
[191] The established chemokine gradient by heparan sulphate direels to the

specific site where ammune response is needed.

Another difference between inflamed anchliby tissue is an increasédh a tiffiESS) &
level (Fig. 1.2§184] Various healthy tissuagtain specificstiffnessleves - e.g. soft

tissues such as brainkPa) andiver (2kPa), and stiff tissues such as bone-20074
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GPa),and cartilage (5.46.2 MPa)[193] But during the inflammatoryresponse the
stiffness level increases due to increased ECM depasitthras collagen, elastin and
hyaluronic aciflL84, 191]. Gllagens ae of thekey modulators dhe tissuestifiness,
whereuponincreased secretion by fibroblasts and clioging bylysyl oxidase enzyrse
(LOXalters the stiffness levil84, 195] Enhanced dlagen deposition and crelisking

also affects tissue porosity, which in some scenarios (i.e. fibrosipyevant cell
migration. Thisvas clearly demonstrated in research by Kuczek et al. (2019), where
increased collagen density limited gradual Tnéthation through the collagen hydrogel
[164] Upon enhanced ECM deposition it also shapes the ECM topography, where cell
orientation and migration are diverted by the microenvironnj@@b] Fo example,
aligned collagen fibs inducedaster, directional, angersistent T cell migration when

compared to aminaligned collagen netwofko6]

Furthermore ECM compositiois different amongst tissues anatells are exposed to
variousmicroenvironmentsgluring themmune respnse. Severalkamples of distinctive

tissues aresynovial fluidsvhich containlarge hyaluronic acid contents to proviae

lubricant effect; brain ECM is largely compose@Af590 possibly mitigate neuron

syrapse plasticity; lungs contdamge fibrougprotein conteni(i.e.collagen and elashito

maintain elasticity of tissuyer lobule has no basement membrangermitefficient
macromolecule exchange between plasma and hepatody®%201] Since

inflammation could occur anywhere due to physical trauma{d § SNAt SQ Ay Ff I

infection, T cell function will be neediedestore ahealthy tissue environment.
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1.2.6. Timour microenvironmen{TME)

Tumour is defined aan abnormal tissue growth, whemncontrollablecellQ
divisionaffectsthe normal tissua Structure and functiorj202]. T cells have
shown ability to infiltrate the neoplastic tiggiand selectively induce cytotoxic
response to cancer cellg4, 203, 204] In some scenarios T cbhsed
immunotherapyis deemed to be successfukspecially against blood type
cances (i.e. leukaemia)[204, 205] However, various developed therapies
against solid tumoursppeared to be challenging forcell§205, 206] The main
reason for thischallengeis the hostile TME due to its unique mechanical,
biochemical, and cellular environmensuppresseanti-tumour T celfesponse

(Fig. 1.15[207-209]

One of the challenge®r T cells is increased stiffness lewethe TME It can
begin from the persistent inflammation, where ongoing processes without
resolution continuously synthesise ECM componamteumours[181, 210]
Cancer cells themselves could release stimulating factors to abtiwbldists
(also known as cancer associated fibrolslaGAFs)to induce ECM deposition
[210, 211] Northeyet al. (2020) clearly showed thetincreased stiffness level

of breast cancer was a result fradhe excesive deposition of collagen type |
protein[212]. Collagen fibrils were reported to be dense and linear in the tissues
with elevated crosslinking, which eventually reduced tursoyopressor miR

203 and increasednoogeneZNR17 expression ithe epithelial cell§212].
Other studies reported similar results, where increased stroma stiffness

promoted cancer for example colorectal cancer, pancreatic cancer, gastric
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canceroral squamous cell carcinorf#l3-216]. From a T cell perspective, high
collagen crosslinking inhibits T cell migratiorthe tumour islets. One study
inhibited collagen crosslinkingvhich reduced tumour stiffnes level and
permitted Tcell infiltration[217]. It is clearthat increased stiffness level e

tumour is a problem for effective T cell function.

Furthermore awell-known cancerrelated featue is hypoxia¢w oxygen level);

it negatively affects antumour T cell functiof209, 218] Hypoxia occurs
nearly all solid tumounsherepoor oxygen supply by vasculature results in less
than 2% of oxygen in TME18]. Cancer cells adapt themselves watiner
pathways to sustaitheir energy e.gincreaseglucose transporter expression,
glycolysis processand/or promote angiogenesi§210]. Hypoxia related
microenvironment downregulates MHZass | expressiam cellswhich limits

T ll ability to recognise canceells[219]. In addition, Scharping et al. (2021)
indicated poorT cells stimulatiorunder hypoxiconditionsleft them as more

exhausted and dysfunctional c§R20].

Anotherchallenge for T celis the recruited immunosuppressive cétisTME
[207]. Tumour cellsecrete various chemokinesytokines and growth factors
which recruit immune cellso promote (i dzY 2 tasdEn&e and progression
[207]. Variousimmunosuppressiveells have different roles and functioims
TME(summarised imMable. 1.3)and they arecommonly associated with poor
prognosis in cancer patienttn addition, tumour associated macrophages

(TAMSs) promte CAFs actiwif whichcol®  F dzNJI KSNJ NB YIRSt  § dzYz
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222]. Overall, anttumour T cells are dealing with a dynamic tissue
microenvironment which are constantly challenged by various tumour

associatedactors.
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Table 13. Function of immunosuppressigells in TME

Immunosuppressive cel Function

Cancer Ref

T regulatory cells

Myeloid derived suppressc
cells (MDSC)

Tumour associated
macrophages (TAMS)

Tolerogenic dendritic cells
(TotDC, also known as
regulatory DC)

B regulatory cells (Breg)

Recruited by cancer cells secreting chemokine CCL22, CCL28

Suppress tumotgintigen presentation for effector T cells

Secrete immunosuppressive cytokines0l I35, TGF T

Increased consumption of2l_which is also important for activated effector T cell

survival

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

function, induce apoptosis

Recruited to tumour sites by cancer cells secreting chemokines (e.g. CCL2, CCL¢
factors (VEGF, PDGF) eytdkines (TGF m X -CEFa

ProinflammatoryTAMs promote angiogenesis by secreting \VA=ésid PDGF for
tumour environment; enhance invasion and metastasis of cancer cells
Antiinflammatory TAMs impair CD8+ cytotoxic T cell activity against cancer; secrt
suppressive cytokinesl0, TGF T S PDLINGBEPE?2, negative estimulatory
moleculenhibitingeffector T cellfunction

Cancer cells secretindll), TGF >

+9DC> tD9H AYyRdzOS 5

Tolerogenic DC downregulates MHGtiroulatory molecules (i.e. CD868CLFAL),

cytokines (e.g.412, TNF 0

GKAOK AYLJ] ANA FdzNI KSNJ

Promote CD4+ T cell diffatiation to Tregs (express Foxp3+ transcription factor) by

secreted TGF O@ G211 AYyST

aSONB (S -10,Y35dRl 72 TGz

and express negative-stimulatory molecules (e.¢?DL1) to inhibit t cell activity);
release of Granzynf& cytotoxic molecule to hampering down effector T cells work

Poor prognosis: head an [207, 223]
neck, gastric,
oesophageal, pancreatic
liver, breast, lung, renal,
prostate, oarian cancer
Good prognosis:
colorectal cancer

Poor prognosis:
melanoma, colorectal,
breast, bladder, thyroid
and nonsmall cell lung
cancer NSCLC)

Good prognosis: [207]
colorectal, stomach, skin
cancer

[207, 224]

Poor prognosis: breast,
prostate, ovarian, cervice
cancer

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

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

[225227]

[225, 228]
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1.2.7. Mechanobiologyf T cells

Previously given examples on changing tissue microenvironment gave aarnmsght
mechanical forceg.e. tissue stiffness)fluences T c@ function. The external forces of
tissues such as tension, compression, shear stress, inteftstiiabtiffness (rigid)
influence thematrix architecturendmodulatethe specificell responsé-ig. 1.1)]229,
230] The mechanical forseffect oncells is processed their biochemical cues, known

as mehanotransductorg].

YARs a mechanosensor thatimportant duringhe T cell activation procely. Meng

et al. (2020) study looked into YAP activity in Tcellsyd@ (A &4 a dzS Qmoja G AT Ty
Uponincreased matrix stiffness (i.e. inflammation, tumour) YiABagtoplasm releases

the NFAT transcription factor frahe IQGAP1 binding compleund near the plasma
memlrane.NFATranslocats to the nucleus aridducesT cell activation and metabolic
programming. This activates mTORC1 pathway, glycolysis, mitochondrial respiration, and
amino acid uptake to support T cell transition ftbequiescent to active staf@80]. In

soft tissues (i.e. resolved inflammation) YARtalbilig the interaction between NFAT1

IQGAP1 and attenuate T cell respg@ke

T cells also sense the changmigroenvironment by integrins, a transmembrane
KSGSN2RAYSNAO LINRGSAY [20Ppondmtisidrintegrims h | Y F
adhesion is enhanced to extracellular ligands found on cells or ECM envirfdit2lent

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

GAYOdA Ay LINRGSAYAS Ffaz2 1y26y +Fa WOt dzi OF
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the ECMintegrin binding to fice-generating cytoskeletof231, 232] On the stiffer
substrates, integrin binding to ECM ligands generates a higher force which exp@sas talin
regons for vinculin binding amdcruits cytoskeleton componerj31] In contrast, on

the softer substratette lowforce ilsthe vinculin recruitmentand theformed bond
between ligand and integrbreakq4231] FromaT cell perspective, this typéadhesion
occurs to immobilesT cells on endothelial cells before mediating their extravasation from
the blood vessel to the tissue maf@282] Also, this could explain enhanced T aatility

on the stiffer substrates (i.eumours) than soft ones, thus resultingaster andnore

persistent migratins[196, 232]

Thereare limits on T cell migration through the stiffer tissue areas, espibciatiywith

a dense meshwofR32]. This is down to the lamiA thatcomposes nuclear membrane

and LING a linker between nucleoskeletoand cytoskeletor]2]. Cytoskeleton
arrangement via integrin affects nucleus shape and size to mediate cell migration and
adhesion response. Larnis upregulated during T cell activation and causes nuclei
stabilty by preventing deformatioduring the migration proce§233] It alsdimits T cell
migrationthrough the @nse maitrix meshwotk prevent nuclear rupture, anda cell
migration througtthe tissugoores rangng from 540umsizef234] Lamina and miclear

stability is importantdr longlasting T memory cel234]

Overall, this gives an insight on T Gafidity to sens¢he mechanical cuesund inthe

tissue environmens. It is also suggested thatechanical forces are recognised as

R |y SighakIb elici cellsesponsd2).
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Figure 117 Mechanical properties
and tissue stiffness levdinmune
cells experience various mechanic
forces found in tissues. They cou
arise from the blood/lymph flown
(i.e. shear stress), cardiac tiss
contractility or interstitial maix
(i.e. tension and compression
Immune cells are exposed t
various stiffness levels (measure
as storage modulus, kPa), which ¢
different amongst the healthy
tissue areas (white label). Durir
the disease state (red label) th
stiffness level changesignificantly
and differ from the normal tissue
Image is obtained from Du et &
(2022)[2].
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1.2.8 Aiimal models versus 3D culture

In vivostudies arecommon in academic and incusk researchwhere multicellular
sydem and tissue microenvironmerdffects are accounted forin cells. However,
translational studis (fran animal to humand)ave success ratebelows50% which is

problematic for clinical trial studig235]

Mice are commonly usexsanimal modelsluetheir basicandtranslatablemmunology

to humans[236] Nevertheless, thegould alsobe genetically engineered to make
humansed tissues that giva greater translation to the human studi@sg. mice
expressing human HLA type on cgl®j, 238] Howeveras Mestas and Hughes (2004)
reviewed, they indicatedifferences between mouse and human immunqlsggh as
80% of hman T cells express CD28 where in moug€®¥%]L-10 is secreted dyuman
Th1l and'h2, whereash2 onlyn mouseandsomechemokinegi.e. CXCL1a)eabsent

in micebut not in humans[239] The major disadvaage is the poohuman disease
presentation wheremice either demonstratdifferent disease chareaistics or do not
develop therat all[237, 240] For examplévlycobacterium tuberculosis mice do not
show irfection latency and highly orgaats granulomas as found in humans
[236]. Eventhough miceand humas share >90 % of genes, the difference of
pathogen exposure (greater in humans) and inbred mice (poor genetic
heterogeneitycompared tchumars) limittranslational studieR236, 237] Other
animal models can compensdta the limitations to mouse studies e.g. cows
are agreat model for human tuberculosis disease andmamanprimatescan

helpto study viral infectionf241, 242] Yetlarge animal models are associated
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with increased costsand longer gestation perisdlimiting the number of

experimental studief241].

Some research questions could be answered Bl culturesygem, without
using animal model@ummary ofstudy examples ifable 1.4 However, 3D
culture sygems could not replicate all tissue complexitesd whole organism

interactions thatmakes animal models still valuable for research.

62



Table 14 3D culture studies replicating disease/healthy tissue models

Tissue model 3D culture Aim and results Ret
Endothelial Microfluidic device contains Analyses of T cells transendothelial migration across the endothelial cell wall under the influenc [168]
vessel anc separate chambers recreating CXCL12 chemokine gradient and melanoma cancer cells (A375)

tumour model  blood vessel with formed Stimulated T cells migrated ra@cross endothelial cell wall in presence of CXCL12 than unstimt

Tumour models
with  different
grades of
invasiveness

Brain ECM

Breast
model

cance

Psoriatic  skir
model

endothelial cell wadind
adjacent chamber with
Matrigel (ECM) embedding
cancer cells

Decellularized porcine jejunun
(SISmuc scaffold) with tubing
sydem circulating media
through it

Collagen | matrix were
functionalised with
poly(styrenealt-maleic
anhydride) and modified with
hyaluronic acid and chondinit
Suphate

Collagen type | hydrogel with
different density

Collagen typéhydrogel

cells

Mimickedinflammatory conditions by using ™NF ¢ KA OK A Y RdzOSR dz/ a i A
migration (in presence of CXCL12)

In presence of A375 cancer cells it induced T cell migration no matter their stimulation status
Scaffold were seeded with remall cell lung cancer (A549) and triple negative cancéMiBRsVIB-  [163]
231) and tested RORfecific CAR T cells antitumour effect

Both cancer cells produced tumour masses in scaffold and expressed RORL1 antigen

ROR1 CAR T cells infiltrated tumour masses and induced cytotosideffeirty capability of
geneticallyengineered T cell antitumour effect in comparison to control T cells

Analyse T cell and microglia interaction in brain ECM environment [166]
3D model supported viability, eedll interaction (improved T cell viability in presence of microglia,
rather than absence) and permit cell infiltration as found in actualBEA

Analyses of immunosuppressive activity on T cells (primary and Jurkats) by cancer associated [167]
(NIH/33 and MR&) underinfluence of breast cancer cells (MBIB-231)

Inthe presence of breast cancer cell supernatant, fibroblast in collagen hydrogel induced ECM
deposition and aligned collagen. This reduced T cell activity, evident by re@ungdKine secretion.

The hydrogel contasembeddedibroblastswith keratinocytes seeded on top and T cells were [169]
allocated to the bottom of the gel. Cells were isolated from human donors with psoriasis, and tt
established 3D model were used for drug screening

T @lls were polared 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-trti7a) reduced T cell infiltration@psoriasis
development in 3D maodel
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1.3. Bomaterials

The original definition of biomaterie as describedhe material usd for the
medical devicgto repair or replace the damaged tissues causethégisease
or inflicted traumg243]. However, over the decades the biomaterial field ha
significantly grown and changed the point where its potentialuse is
recognised in various fieldsuch as: diagnostic devige,vitro drug screening

and toxicity studiesn vitrotissue models and clinical implaf2g4-247]

Biomaterals were tested to mediate specific Tell responses forthe
therapeutic, manufacturingr creatingin vitrotissuemodek forthe research
purposes. Stephan et gR015) createda clinical implanfrom the alginate
scaffold with collagemimicking peptides to deliver artimour T cells to
inoperable or tumour resected sitg¥8]. Research by Luo et aR{17) created
hydroges from DTetrapeptide acing as a vaccine adjuvaf249]. Together
with the relevat antigers,the peptide hydrogeinduced celmediated(T cells)
and humoral (BRellsymediated anttumour responss Griffin et al (2021) used
the microgel derived hydrogelsvhere uponin vivodegradation the material
induced skin regneration by reariting Th1,Th2 and myeloid cel[250]. The
biomaterial field also tacklesnother common problem in T célhsed
therapies: poor scalability of tumoteactive T cells fahe adoptive cell therapy
(ACT)251]. ACT is used to enlarge tumour specific T cell population to obtain
enough cells before injection to the cancer patief252]. However, he
methods suffer from thgpoor numker and quality otherapeutic Tcells[252].
Linet al. (2018) designeatubulesygem with alginate hydrogels to expand anti
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tumour T cellsand achieved high yield of viable and functional c¢#53]. The
biomateriaé @¥e and its significance is recogdigethe T cell related fields, and
the research will continue to grosue totheir availahlity andnovelty. The rest
of thissection will review currdly usedbiomaterials 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
havea distinctive properties enablinipem to fulfil specific apptiations. In 3D
culture, polymer biomaterials are commonly used due to their biocompatibility
and ability to provide tissuspecific features [254]. From a 3D culture
perspectve, different types of polymers are available with defimeatroscale

(size and shape), microscale (porosity, network demsityhanoscale (stiffness,

ECM componentdggatures for thecell culture[255].

Biomaterials could be composed from the synthetic or natural polymers, or even

a mixture of bot254]. Nikolova and Chavali (2019) reviewed the advantages

and disadvantages of tumal and synthetic biomaterials in 3D culty?&5]. In

brief, the ratural polymers are aaved fromliving matterthat provides good
biocompatibility, low toxicity anduitable biochemical cues (i.e. adhesion

motifs) to support basic ceff dzy OG A2y a® 5dzS (2 (oS YI (S
biodegradal# than synthetic polymers, wheredan induce immunogenicity

and vary batch to batch Alternatively synthetic polymers are more
reproducible, due to the easig@roduction process and more control on batch

variability. Asa material they are versatilehey havetunable properties and
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good workabily. Alasthey are less biocompatible, requiring a functionalisation
process to provide cell supporting mot[f&55]. Depending on the type of
material, some crosslinking (a bond connecting one polymer to the other) could
involve toxic methods and affect cell viabil2$4-256]. Crossliking is the key
process of the biomaterial formatiomhich provideshe final 3D structure

From the hydrogel perspective, crosslinking is important to interconnect
polymers, followed by complete gel formation (gelatio257]. Crosslinking
could control naterial® densitywhere thenumber of crosslinking will regulate
0KS YI iv8liNg\(é.o gk crasslinking resirtlow swelling)255]. Hu et

al. (2019) provide an in depth summary on two main formsragslinking
described as physical and chemical crosslinb8]. In the review, they
describe hysical interactionsvhich depend ononic/electrostatic interaction,
hydrogen bonds, hydrophobic/hyaphi € A O A y 4 S NI CefoAwhigha -
have no cytotoxic effect on cell®wever, it is susceptible to the external factors
GKIFG O2dzZ R oONBI {1 GKS LRfe&YSNI[BHIhRa I YR
this case, chemical crosslinkiigainly relis on covalent bonding could
overcomethese issues by formirmgplymer bondswith strong and permanent
network,enhangf 3 G KS YI 0SNALFf Qa adroAatAde FyR
crosslinking could involve enzymes, free radical polymerizalagisAlder

G Of A O éor aNiEhaékypéd #igition[258] The only downside of chemical
crosslinking is potential cytotoxicity due to unreacted crosslinking residues as
mentioned above [258] Overall Table 1.5 reviewdifferent types of

biomaterials, their associated properties and fse3D culture sudies
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Table 15 Natural and synthetic biomateriablymers, crosslinking, and their properties

Material Crosslinking al G SNAIf Qa LINP LX Use Ref.
Natural biomaterials
Collagen Physical: induced by Fibrous protein with a long, stiff, trigéranded Scaffold for tumour model e.g. breast cancer cell: [164, 254,
amino and carboxyl helical structure form tubelike structures as in tissues; enrich 259262]
telopeptides on Inviva mechanical support for tissues, act as colorectal cancetem-cells
collagen chains Tenplate for cell distribution, capillary formation Cultured cancer cells tested for drug resistance
t N2 RdzOS WLR NP dainydg ndetbdd 1 which was unnoticed in 2D culture
_ Can be processed into various forms: dinked Scaffold used for cartilage, bone, drug delivery
Covalent: induced by films, meshegijbres, sponges sygem, nerve regeneration
enzyme Biodegradable, biocompadib Analysed collagen type | density effect on T cell
transglutaml_nase; UV Contains adhesion motifs promoting cell adhesio function
photo-crosslinking spreading, migration
Chitosan Physical: ionic ool Derived from chitin of exoskeleton from crustace: Scaffold was used to analyse hepatocyte cells ar [254, 261,

Covalent:
glutaraldehyde to
AYONBI a$s
strength

and insects

Natural polysaccharide

Prone to enzymatic digestion e.g. chitosanase,
lysozyme

Adjustable porosity and geometry for cell culture
Bibcompatible

Low mechanical properties, which can be improv
by covalent crosslinking

analyse their metabolic activity

Tissue engineering field of orthopaedics
Hydrogel used as a deliveggem of encapsialted
T cells to promote artiiimour response

263]
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Table 15 Natural and synthetic biomaterial polymers, crosslinking, and their properties (continue)

Hyaluronan
(Hyaluronic
acid)

Agarose

Physical: hydrogen
bonding, ionic,
hydrophobic
interactions

Covdent: boronic
ester and Schiffase
formation, click
chamistry i.e. thiol
chemistry, azide
alkyne, Diel Alder
cycloaddition

Physical: hydrogen
bonds

Covalent: contains
methacrylate side
groups and induce

crosslinking after UV

irradiation

Glycosaminoglycan, produced from repeating
disaccharide unitsf N-acetylglucosamine and
glucuronic acid

Bind high amounts of water, form hydrogen bonc
with solvent

Biocompatible

Physicahydrogels demonstrate sélaling
properties, but low mechanical properties
Covalent hydrogel provides more stability for the
material

Depending on the molecular weight in establishe
pro- or anttinflammatory response

Highly biodegradable by hydradyiester linkages
and hyaluronithase enzyme

Interacts with cell receptors, but lacks cell adhesit
motifs

Polysaccharide produced from &ga

Contains high amount of hydroxyl groups, soluble
water

Degradable by agarases enzymes

Strength and permeability of scaffold depends or
agarose concentration

Share similar features as alginate

Scaffolds used for chondrocyte, bone, skin tissue [146, 259,
regeneration ;gé} 264,
High molecular hyaluronic acid hydrogels promot
infiltration of Tregs during dentatteaction wound

healing process

Support chondrocytes, neural tissue regeneratior [254, 258,
cardiac imengineering,temcell 259, 266]
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Table 15 Natural and synthetic biomaterial polymers, crosslinking, and their properties (continue)

Alginate

Matrigel

Gelatin

Gelation induced in
presence of calcium
ions

Physical: ionic
interactions,

Chemical:
glutaraldehyde,
enzymatic

Chemical hydrogel:
carbodiinides,
formaldehyde,
glutaraldehyde,
genipin

Physical hydrogel:
hydrogen bonds

Polysaccharide found in cell walls of brown algae
Highly soluble in water

Provide porous scaffold

Physical anchechanical properties depend on che
length and guluronate blocks, and crosslinking
Biocompatible, low toxicity

Produce microspheres, sponges, fodimes,
hydrogels

No intrinsic cell binding motifs, requires
functionalisation (e.g. RGD) to promote cell
attachment

Poor degradability

Derived from Engelbretdolm Swarm mouse
tumour celiderived basememhembrane

Contains coltgen 1V, laminin, entactin, perén,
multiple cytokines and growth factors

Provide adhesion maotifs for cells

Limited mechanical properties (4820 Pa)
Potential immunogenicity

Provide meshwork type network

Prone to degradations diereleased MMP by cell

Hydrolysed collagen

Biocompatible, biodegradable

More adjustable mechanical propertiran
collagen (depending on the crosslink)
Contains intrinsic RGD mogjfsromote cell
adhesion, spreading, migration
Degradable by released MMP

Cultured hepatocytes and analysed cell functione [254, 256,
(albumin secretion) ;2% 261,
Supported growth of breast cancer cells and stuc

on drug resistance

Hydrogel with encapsulated T cells promote their

memory phenotype, which praig activity of anti

tumour specific cells

Due to its low stiffness it represents more neural [256, 261,
tissuec commonly used for neuron regeneration  268: 269
Hydrogel suitable for embryoniescells

Tumour cell studies: culture and invasion models
Research on cancaescells

[259, 261,
270272]

Used for drug delivegysem, wound healing,
injectable fillers

Tissue engineering of cardiovascular, bémtesl
muscle, hepatic tissue

Gelatin microgels used to induce T cethfie form
hematopoietic em cells
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Table 15 Natural and synthetic biomaterial polymers, crosslinking, and their properties (continue)

Fibrin Chemical hydrogel: Protein involved in blood coagulation - 3D scaffolds used for cell proliferation and migrat [261, 262,
genipin Formed from the thrombimediated cleavage of studies el
fibrinogen - Supported em cells, bone marrow stromal cells
High biodegradability (e.g. urokinase), requires and promoted wound healingyuscle tissue
Physical: gelation mixture with other biomaterials to increase engineering and organoid formation
induces by Factor XV YFEGSNAL £ Q& adloAaftAade - Fibrincollagen hydrogel reconstructing lymph noc
and thombin Contains natural adhesion/binding mqtifsmoting to analyse T cell and stromal G@leraction
cell adhesion, spreading, migration
Poor mechanical properties, requires combinatiol
with other hydrogels
Synthetic biomaterials
Poly (glycolic Chemical crosslinking Aliphatic polyesters degrade by hydrolysis, - Drug delivery: transporting growth factors repairir [254,274
acid, P@), poly esterification, degradation rate depends on structure, molecula cartilage issue 214
(lactic  acid, photoinitiator (UV weight, crystallinity - Tumour models: PLEGEGPLGA hydrogel for
PLA), anc irradiation) Thermoplastic polyar ¢ easily shaped ovarian cancer cells; PL-&lium bicarbonate
copolymers Pore size or meshwork can be controlled accordi microparticles promoted lung cancer cells growth
(PLGA) to cell requirements and detected drug resistance in comparison to 2I

Poly (ethylene
glycol) (PEG)

Chemical hydrogel:
wot A01Q O
photo-initiated
polymerization

PLA degrades slower than PGA

Potential toxicity due to released acidic residues
Induce immunogenicity

Hydrophilic polymer

Low cytotoxicity, nénmunogenicity

No adhesion mediating proteigsio cell adhesion
and cause poor viability

Hydrogel pores adjuet according to chain length
and crosslinker groups

Requires functionalisation to promote cell adhesir
Various crosslinkers available which control
degradability, swelling, porosity, mechanical strer

cultures

PEGheparin hydrogel loaded with CCL21 chemo [258, 261,

induced greater T cell proliferation and 262, 77,
: e 278]

differentiation to memory T cells

Scaffolds (functionalised with RGD) contain regul

shape pores &5um in diameter) and guide the

growth of fibroblast cells

Key word: RGD amino acid sequend@rgGly-Asp promoting cell binding in ECM matrix
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1.3.2. Bomaterial characteristics

Several aspects of the biomaterial need to be considéredupporing cell
culture. No matter their intended use (tissue engineering, regeneratictyo
study modelsand clinicalmplants) theirnitial design and capacity neezlbe

adapted according to the given culture and wanted cell response

1.3.2.1 Prosity

Pores withim Y I ¢ SNRA I £ | NBE R Swhich\ehuid dve diffarent? O G A |
NREfSa RSLISYRAyY3 2 y[2746) kaSBD Miltuie SoNikslpfow@  LIJdzNI
space for cell growth, ECM deposition, exchange ofadekei.e. metabolism,

cytokines andvaste products within the structuf@54]. The pres @nvary in

size and interconnectivityn the materialwhich couldbenefit the specific cell

functions [255, 280] For examplecollagenglycosaminoglycan scaffold with

325>m pore size promoted osteoblasts attachment, migration and
mineralization; collageohitosan scaffold with 366m induced macrophage
polarisation into antrinflammatory type cells (i.e. M2) and promoted
angiogenesis than scaffold with 16@n pore sizge pdy-L-lactic acid (PLLA)

scaffold with 100>m pores induced chondrocyte differentiation into cartilage

specific cells than 208 pore siz§281-283]. Any larger pores than 400 pwill

lose 3D culture characterissicas celtellorganisatiorendsup likein 2D culture

[255]. Hydrogels are known to form mebke structures, where fibrous

networks form molecular/nanometer scale porosity46, 279] Meshworks

simulate mainly the intricate and organised nanoscale of ECM matrimgmak

71



hydrogels more favourableompared toother synthetic biomaterials due to

their ability to%himicCzhe tissueenvironment284].

1.3.2.2. Bbdegradability

Some Iobmaterials anundergo rapid degradation due to occurrimgdrolysis,

free radicalstemperaturechangeor enzyme presence whigdventuallyalters

the materiak) atructure [254]. Their stability could be adjusted by modifying
their original properties (e.g. molecular weight, density, crosslinking) or mixing

with other biomaterials (e.g. fibrcollagen hydrogetp reduce the degradation

pul
(0p))
L

[255] Ly &42YS &aidzZRASasx GKS YFOSNRIFIT Q&
releasehe content gradually overtim&or example-amilton et al. (2021) used
acrylatedhyaluronic acid hydrogetis ensureaslow sem cell release ovea 14

day period for theell theragy [285]. Whereas Petterson et al. (2010) have used
glycidyl methacrylate nulified hyaluronic acid hydrogetiver 8 weeks of
degradationthey released growth faors for the bone regeneratiof286].
Depending on the research question, biodegradability could be a challenge to

retain a stable material or adntage to release the content of interest.

1.3.2.3. Bbmaterial functicmalisation

Synthetic and some natural polymers lalok active biomoleculesthat are
important forthe specificcet & T dgyaldilisEommon biomolecule used
in polymers is an adhesion motifhat mediates cell spreading, adhesion,
differentiation,and migration proces55]. Biomaterials like collagen, gelatin
and Matrigel contain these natural motifs for the cell cult{2él, 268]

Synthetic and some natural pohers (e.g. hyaluronan) require functionalisation
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process, whilsadhesionmotifs are added to the biomaterial to support cell
culture[287]. This is also known #ee conjugation process, which could involve
chemical (e.g. thiol reactive), enzymatic (e.g. peroxidase mediated) or- photo
(e.g. photeacrylate crosslinkingypproates[287]. As reviewed by Spicer et al.
(2018), here is no universal pcedure inconjugating biomolecules to the
materials, however a wide range of procedures are available to tether
polypeptides, glycans andaligonucleotides [287]. In some cases, the
biomaterials could be functionalised lay simple adsorption process, that
depends on thg@hysical interactions (e.g. ionic, hydrophobic interastj{287,

288]. Due to its weak interaction desorption could oceurere the attached
biomolecules are eventually lost from the material.In contrast, covalent
conjugation, which guarantees biomolecules preserae affect its biological
activity and become unusable for ce[®87, 289] Custodio et al. (2010)
comparedcovalent immobiligtion to the adsorption method of fibronectim

the chitosanhydrogel.The ovalent cojugation resultedn a greater quantity

of fibronectinpresentin the hydroge] whichalso supported betteosteoblasf a
adhesion and proliferatiomesponse[289] Whereas adsorbed fibronectin
quantity in hydrogelWas much lowerresulting inpoor osteoblast&esponse.

The functionalisation process tife biomaterial is subjective, as it depends on

the type of bomaterial and biomoleculeeeded for the cel.

1.3.2.4. inmunogenicity

BiomaterialSuse in tle immurology related fields has be carefully selected,

astiKSe O2dA R 068 NBO23IyA&ER elititimmun@l y 3 SN
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response [290, 291] ¢ KS O0A2YIF GSNARIFf Qa LI NIAOf Sa
WAYYdzy23SVAGY A DRE W RELISYRAYI 6KSUGKSNJ

immune response, respectivgBo1].

T cells cannot recognise proteins in matforms, but only once they are
processed by APC into the peptides and presented on MHC class m¢&jules

APC are equipped wifARRswhere ntact polymer chains of bacteria or virus,

or especially biomateriglscould crosslink the PRR on APC and induce the
immune responsg292]. Park etal. (2012)demonstrated iDC activation into

mDC once they were cultured on PLGW ahitosan biomaterial293]. DC
upregulated their MHC Class Il molecules, CD86, CD83 and CD86 and secreted
higher levels of prinflammatory TNfE O & (i 2 | eveyitSally causet Ti cell

activation[293].

Froma biomaterial perspective, natural polymers tend to have immunogenic
propertiesrather than synthetic one$291]. This could be caused bypimat
derived content, recognised as foreign antigens by human immune cells.
However, synthetic or natural biomaterialsittbhave specific features thedn
cause the immunogenicityue ta hydrophobicity, mecular weight, surface
OKI NBESZ YL (S NXN297). Boi examilephdStudy shéwedduded

DC activation by PLGA and chitosan biomatedia¢s to their hydrophobic
nature and polysaccharide chaimsgcetytD-glucosamine), respectivel®93].

Chitosan polysaccharislebind to the mannose receptor ie. PRR)and
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hydrophobic surface of PLGuith adsorbed serum pteins ¢ all together

triggeling DC response.

It is clearthe specific features of biomaterial are responsible ifaducing
immune response, thatould be problematic for 3D culture or clinical implant
studies. However, in some scenarios induced immgsponse solely by
biomaterials couldmprove vaccine, anttumour response or elimination of

chronic inflammations ithe clinical applications.

1.4. ®If-assembling peptidaydrogels

Selfassembling peptide hydrogels are gettimgognisedin the clinical and
academic field$249, 294297]. The materials are composed frdhe short
amino acid chains, also known as peptides, which uhdeight conditions (e.g.
pH, temperature, salt) selhissemble into the ldrogel[294] SeKassembly is
not a novel process, as it occursthe ECM between proteingGAGsand
proteoglycan moleculef284]. Peptide hydrogels also contain a nanofibrous

a0NHzZOG dzNB>X gKAOK A& Y2NB WTFI YA[R®B)F ND G2

Different types of selassembling peptide hydrogedse available for research
[294, 299] The difference relies on amino acids, which mitigateci§ip
interactions between peptides to form the hydrogel. For examspieall
molecules such as-dand tri peptides (e.g. Fmeb-AlaD-Ala) interad 6 & -
stacking ionic complimentary peptides like EAK (glutaacid, alanine, lysine)
AYGSNI O o0& KEeRNRPLIKAfAOI KeRMRrg@K20A 03
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peptide amphiphilesirfspired by lipid molecujeform a hydrogel based on
hydrophobic ta8 and hydrophilic head298, 299] Eventhoughthe hydrogel is

composed from the natural aminaids, it is still classed asynthetic material

[300]. Upon specificamino aci@®2 Y LJ2 & A G A 2y T LISALBISASRIS &2 NO 2hd:
helical structures to form hydroggB01]® -sheet peptids are preferred fothe
K&8RNRISta RdzS G2 OGKSANI oAt Adhtlicali 2 NI 3

chains), easier design and chemical simpli8@g].

Peptidehydroges have many advantages for culturingils. As theyetain a
good biocompatibility, high water content, porosity (meshwork), modifiable
stiffness level and functionalisation withiological motifs [298]. The main
limitation of this type of material is to form high stiffness material representing
hard tissue$294]. It could be achieved by increased peptide concentratiarn,
could ale affect cell viability and induce amylofde. abnormal protein

structure)deposition[302, 303]

Currently, peptide hydrogelse are explored ithe biomedical aplcations and
3D culture fieldsFrom the bimedical applications perspective hydrogels were
tested asdeliverysygem of antigens to indcea better antitumour responsg
promote better angiogenesisn vivo for spinal cord injuriesand deliver a
haemostatic effect ithe open wounds[249, 296, 304]in 3D culture, RAD1I6
scaffoldfunctionalised with laminin | and collagen VI adhesion matifgroved
human aortic endothelial cells culture, which resulteglbetter cell growth rate

and protein depositiof805]. Another example is gopeskyet al. (2010)where
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KLD12 peptide hydrog&r bone marrow tm cells was used angromoted
better chondrogenesis procesisan the same cellsultured inthe agarose gel
[297]. Due topeptide K @ R N2nidffakie(properties andimilarity to ECM

environmentthey are becoming a popular choice in the researelas[295].

1.4.1.FEFEFKFK peptidgdrogel

The FEFEFKFK octapeptide was created to simplify current complementary
peptides used to make the gdR98]. It also has a rapid gelation process in

comparison to other peptide gels (i.e. RAR)IB06].

FEFEFKKKcomposed from phenylalanine (F, hydrophplhysine (K, positively
charged) and glutamic acid (E, negatively char{25]. The peptidefibre
contains the hydrophobic core foad by phenylalanine side groups, whereas
the outside present hydrophilic groups from charged amino 483 It is
predictedthat the phenylalanine will take the intile of forming thefibres,
whereadysineand glutamic acid will interconnetttem to make a nanadfirous
network (Fig. 1.18ac)). All these interactions to happen and ensure hydrogel
formation, the optimaconditionsof LJS LJ{i doRc8r@dtiontemperature, pH
and salt concentratiomeed to be net (Fig. 1.18(d)) [307] One study
demonstratechydrogeRa F2NX I GA2Y GAGK dudc 6 &>
pH 2.8,whereas ~1 wt% required pH14 [302] This indicate versatile

KeRNRISEt Qa LINP Libe hght EaBditian the KySrdgslill salfdiRyS NJ
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Figure 118 FEFEFKFK peptide hydrogel formation.C{@mical structure of the
FEFEFKFK octapepti@®.Peptide fibre forms upon hydrophobittéractions caused

by F, which creates a hydrophobic core, leaving a hydrophilic side created by E and K aa
charged groupgc) Fibres interact with each other via the hydrophilic side, creating a
nanofibrous structure.(d) Peptide fibrils selissemble ito ani A LJ- N&heet S f i
structure, and form above critical gelation concentration (CGC) the peptide hydrogel.
Graphs were adapted from Burgess et al. (2021) and Gao et al. [202,7308]
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| & R NPpH & fadpdted psodium hydroxideddition, which first leaves the
material withanalkaline conditiori306, 307] At this state, thenaterial is more
liquid state which allowsetter mixing and distribution of added media antisce

At the same time, added media will reduce pH to 7 to inducéinhégelation
step. At neutral pH, lysine and glutamic acid interact with each other via
electrostatic interactiog leaving the whole peptide to reduce its isoelectric
point [306, 309, 31Q] This causes the aggregationfibfes by tightening the
fibrous network and encapsulating cd®6]. Added salt will sequester the
excess charges of the peptidepwinghydrophobic forces and hydrogen bond

formation, leading tahe nanofibrous network formatiof809].

Mechanical stiffness of the peptide gel depends on the peptide concentration
[307]. Increased peptide concentration forrasigh densityfibres, which also
regulate tte size othe meshwork[301]. For example, at neutral pH 10 mg/ml
peptide gel have ~30nm meshwork size, whereas 40 mg/ml has 436&n
However fibre diameter is not affected by increasing peptide concentrations
and it seems toetainasimilar diameter sizeetween 34 nm[301, 307] Castillo

et al. (2014) studiethe increasing peptide gel coentration onthe osteoblasts
cells, and upon an increase of mechanical stiffness and reduced porosity, cell
viability was reduceds well[309]. It is suspected that the reduced porosity of
the gelandlimited diffusion of nutrientaffectedthe celk. To this date no data

has been published to confirm the possibdstriction of molecule diffusion

across thenydrogel.
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FEFEFKFK peptide gel provadasnmodified environment for cells, which gives

an opportunity for studies to incorporate adhen motifs or ECM components

for cell culture Ashworth etal. (2019) visadsorption process (mixing the
content into the gel) functionalised gel with collagen type | and hyaluronic acid
[311] Encapsulated fibroblasteks adhered to the funtcionalised peptide
hydrogeland promoted cekpreadingln 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 withradhesion 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 migratiacross the ggB08].

Overall, peptide gels have many adjustable properties which could be used to
adaptthe specifc microenvironment for cells. They gmere control than other
hydrogels e.g. Matrigel, collagehyaluronic acidthat already have modified
environment for cells. Nevertheless, the processing and production of peptide
hydrogel is coseffective, givingmore opportunitiedor the research studies to

adapt to the 3D cell culturgydgem [311, 312]
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1.5. H/potheses and aim

T cells work mainly in tissue microenvironments, and the currestromodels
oversimplify thecharacteristics of tissues where cells are commonly fobmd
addition, improvedn vitro studies could avoidnimalmodelsfor the simpler
research questiondhere is a necessity of developing a realisti@rostudy to
analyse functional T cell work undkee influence of mechanical properties, 3D
dimensions, celtell irteractionsand the presence of ECM componeniEhe
vast choice of biomaterials can improwevitro cultures by providing tissue
relevant features, but the lack of adjustable mechanical properties, modified
environment (ECM presence), tumour origins, poor biocompstjbili
immunogenicity, and expensive costs limits the 3D culture use. In this study,
FEFEFKFK peptitgdrogel offes several advantages as a potertiiamaterial
to be used ashe replacement for 2D culture. Due to their adjustable properties
(from mechargal to biochemical) and related low costs, it could imphowvéro
studies and deliver more realistic T cell response. Our hypotheggs study
are:
1. Seltassembling peptidbeydrogel can support normal T cell activation
and function process
2. Selfassenbling peptidenydragel 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 thenmunomodulators (i.e. DC modified by drugs)

can be studied in 3D peptidthdragel culturesygem
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Chapter 2: Materials anahethods

2.1 Ethical approval

| St dKe @2fdzyiSSNE 6SNB AYy@AGSR (2 R2)
human blood fromnormal o2 N&A F2NJ 6 KS &dGdzRé 2F AYYdz
was conducted under the research ethics referencel6B1711, version 1.3:
02-12-2019, used at Biodiscovery Institute, University Park, University of
Nottingham. Peripheral blood was obtained by venipuectising 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.dBore the isolation process, all reagents (see Table 2.4

for manufacturer and catalogue number) were brought to room temperature.

tKS O02ftSO0USR R2y2NRQ 0t22R gl a FANRID
better purity of PBMCs. 35mL of blood wagetad on top of the 15mL
Histopaque 1077 aliquoted in the 50mL Falcon tube, and centrifuged at 800 x g,

21 3 & '/ / YR m 5// F2NIup YAydziSa oYA
(Graph 2.1) which contains the PBMCs, was collected without digfwothiar

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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35mL of blood
diluted with
DPBS (1:1 ratio)

Gradient
centrifugation:
800 g, 21°C, for
25 minutes with
2@ ACC and 1 DCC

—

Plasma

Buffy coat (PBMCs)

L
N

Histopague 1077

15mL of
Histopagque 1077

| Granulocytes

\/ \/ Red blood cells

Graph 2.1: PBMC isolation by density gradient centrifug&liaried blood with DPB!
was layered on Histopaque 1077 and processed by gradient centrifugatityncoat
(PBMCs) was collected carefully without disturloitheer layers. Figure created wit
BioRender.com.

dilution with 25nL of DPBS. Cells were counted by hemocytometeséstien

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 DRBS centrifugation at 300 x g for 10 min. The
dislodged pellet of PBMCs was adjusted to xa&ls/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 37 in a 5% CGOncubdor, 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.
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2.3 Cell counting with Trypédbtue

I ayvYltt @2tdzyS omn>[0 2F OStt adaLSya;
Trypan Blue. The dye itself helped to distinguish the dead cells, which are dye
permeable, from the viable ce[B13]® mn >[ 2F RAf dziSR al y
the haemocytometer and cells in three regions counted under the light
microscope (Graph 2.2).

Square 1 Square 2

Square 3

O Viable cells
@ Dead cells {labelled with Trypan Blue)

Graph 22: BSY 2 0@ G 2 Y S (i S NDEilute 2etizlisipangidh wEhNJyfadBI
were loaded to the fiemocytometer and only viable cells were counted from the tc
three squares.

The ptal number of viable cells in the prepared cell suspension was calculated

as follows:

"Y¢ 080G D QO ORI,

VE ORDG CEIBE 6 £ b M@ %IQO( 0 QR @LIVI O NGGRES ‘Qré OWkad GE'@) 1| QN AL 1 Q¢
Jotu 00t Brmnn vo

Based on the cell number, the calculated volume of reagent (such as cell

culture medium) was added to obtained the required cell density.
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2.4 Human CD4+ T cell idoda

CD4+ T cells were enriched from PBMC by positive selection with magnetic
microbeads (Miltenyi Biotec) conjugated to the antibodies recognising human
CD4+ markef{314]. The protocol was provided by the manufacturer and
relevant reagents prepared according to the given instructions. All reagents
were maintained at% degrees, which helped to prevent repeciic antibody
binding[314]. The total number of PBMCs was defined before the procedure to
select the appropri@ 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 &0

1x10 cells) and CD4+ microbeads|{R0f per 1x10 cells) and incubated for 15

min at £#C. After incubation time, an additional 2mL of MACS buffer per 1x10
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 pL5&fAMACS 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 asgative 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. &atis 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

1x1®/mL in T cell medium supplemented witR2Il(30 U/mL). T cells were
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cultured n 5mL per well in-@vell plates and rested overnight &7°C in a 5%

CQ incubator. The purity of isolated CD4+ T cells was determined by flow
cytometry (MACSQuant Analyzer 10, Miltenyi Bigted)ere 106L of the cell
sample was stained with aftuman 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 frone thegative fraction collected during
CD4+ T cell isolation (section 2.4). Monocytes were isolated by positive selection
with CD14+ microbeads (Miltenyi Biot§®)5]. 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 pet of cells was exposed to defined volumes of cold
MACS buffer and CD14+ microbeads. 2x1C cells required 400 pL of cold
MACS buffer and 75 uL of CD14+ microbe@dlis were incubated for 15 min

at 4°C, followed by the addition of 20mL of MACSdrhd centrifugation step.
¢CKS adzLISNYyFaGlyd éFa RAaAOFNRSR yR (KS
in ImL 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 20mL of DC medium and the total number of
cells was counted. Cells were centrifuged, and diluted with DC medium
(containing ¥4 1000 U/mL and GIM@SF 1000 U/mL) at 1€1€ells/mL. Cells

were transferred to appropriatelyized flasks, i.e. 15x46ells in T75 flask or
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30x1G cells in T175 flask, and incubated fe4 8ays at 39C. On day 3 or 4 of
incubation, additional DC medium (50% to the current volume) supplemented
with cytokines was added to the cells and culturedl alaty 5. During daysA

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 protf@b6]. In brief,

PBMCs were reconstituted in cold MACS buffery(tLper 1x16 cells) with FcR
blocking, CD14+ microbeads, CD19+ microbeads and CD1c1(BBiG#Hn

reagents- all at100uL/ 108 cells. The content was mixed and incubated for 15

min at #C. 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 celllperesuspended in 5QM 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
O2YLX SGSR gA0GK mMY[ 2F al!/{ 0dzNe&t&INJ I yR
for the further process. Two times of MACS buffer volume was added to the
OdzZNNBy G OSftf adzalLISyaarzyQalLodeAcsdufer | yR C
with 10QuL (per 1x18 cells) antbiotin microbeads were added to the cells and
incubated for 15 nmutes at 4C. At the end of incubation, ten times of MACS

buffer volume was added to the cells, centrifuged and resuspended . 500

MACS buffer per 1x%@ells. Further isolation required MS columns, which were

pre-washed with 500L of MACS buffer. Bhcolumn with loaded cells was
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washed three times with 5@ 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 fhem t
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 activatedin2z | WY GdzNBQ &Gl S LINR2NJ {2
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 prepaa¢dix1G@ cells/ml in DC
medium (section 2.5). 1ml of cells suspension was added to theRplate,
followed by an additional 1ml of medium containing 2x concentration of Poly:I:C
(working concentration: 1dg/ml), R848 (working concentration: &/ml)and
GM-CSF (working concentration at 1000 U/mL) to initiate maturation. Additional
wells with iDCs were supplemented with @8F only. Cells were incubated at

37°C with a 5% Cahcubator for 24 hours.

iIDCs were also exposed to the dexamethasone (Déxelbweaturation. For Dex
treatment, iDCs were cultured at 5xldlls per 10QL in a 96well plate. Cells
received an additional 50uL of DC medium prepared with 4x concentration of

Dex (working concentration $M) and incubated for 1 hour &7°C. Later o,
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the same Dexreated cell cultures received 50 pL 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 press into mDC. At first, cells were
resuspended at 1x2@ells/mlin DC medium supplied with 1000 U/m| @&8F,

then 100pL of cells were aliquoted to a 9@ell plate and rested for 1 hour
before stimulus and drug treatment. After resting, cells were treafi¢d p38
inhibitor (BIRB196), prepared at 5x concentration (final cqid) i the culture
medium. The drug treatment lasted for 30 min, followed by an additsthpl

of Dex (with 5x concentration) and then incubated for another hour. The final
step of the process involved the addition of 50 pL 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 GMCSF only. Conditioned CD1c+ensrmmarised in Table 2.1.

Table 2.1 Treatment of CD1c+ with stimulus and immunomodulatory drugs

Conditioned CD1c| p38 inhibitor Dexamethasone Poly:l:C and R848
Immature

Mature 50 pL
Mature-Dex 50 uL 50 uL
Mature-Dexp38 50 puL 50 uL 50 uL

2.8 Coating polystyrene particles with functional antibodies

¢ preparaton of artificial APC
t2feaieNByS o0SHRa 64A1 S mn>Y0 6SNB Oz
of inducing T cell activation process. The selection of antibodies and their
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concentrations were: an dzY 'y / 50 G on>3khdhan 2 NJ ™

/| 5HYy on>3AkY[ 2NE@@BIAK Y/[Tpd yIRGI oIk Y[ ©
attached to the polystyrene particles by adsorption, a-covalent coating
method described by Bangs Laboratories[34@]. In brief: 10mg/mL of beads

were prepared in 1mL of PBS solution and centrifuged at 650 x g for 5Smin. In a
separate tube, 1mL of PBS was prepared with the final mgpckincentrations

of antibodies. The supernatant from the beads was discarded, and the pellet was

NBEO2yaldAdGdziSR Ay | G244+t 2F on>[ t.{®

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 washeteconstituted in PBS and stored &C4until

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.

2.9Precursor FEFEFKFK peptide hydrogel preparation

Peptidebased (sequence FEFEFKFK) powder was stored20%dreezer for
longterm storage. Starting masses of the peptide powder (see Table 2.3) were

dissolved in 80fL of sterile UltraPure distilled vemtand 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 (&), 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
seltsupporting upon the tube inversigsee Table 2.3 for total NaOH volumes

added to the given peptide.

Table 2.2 Amoundf starting peptide powder and 0.5M NaOH required for peptide
hydrogelproduction

Peptide Concentratio| Peptide powder (mg) Volume of 0.5M NaOl
(mg/mL) 6>[ 0

6 7.5 40

8 10.0 55

10 12.5 65

Once transparent, sefupporting hydrogel was achieved, $0®f 10x PBS was
I RRSR Ayili2 G(KS KeRNR3IStQa YAE®D ¢KS
seconds and subsequently incubated ongint at 80C. Hydrogels were stored

at 4°C until further use.

2.10 Peptide hydrogel gelation and cells (anetatiure)
encapsulation

Precursor hydrogels were liquefied at@do achieve a homogenous mixture
and cooled to 37 in a water bath. A totaf 250> [cell suspension in T cell
medium supplemented with 42 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 withared

hydrogel totalled to 1.25mEor example, to achieve 1)¢b@lls/mL in hydrogel,
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1.25x162 F OSftfa 6SNB O2ff SOGSR yR NX4&dzal
medium with cells was gently mixed into the precursor hydrogel by reverse
pipetting until the ontent was evenly distributed. The hydrogel mixture was
aliquoted into a 9avell plate (106L / well) or hanging inserts in a-24ll plate

(2006 k AYASNI O ¥ 2 87Canam S% CbcabatarigrQ@mndir. G A 2y |
For hydrogels in inserts, 1mL afnplete T cell medium was added to the
ddZNNB dzy RAy3 ¢Sttt FyYyR wnn>[ YSRAdZY RNRL
inthe9eg St LI I GSaz wnn>[ 2F YSRAdzY 461 & |
was changed twice within the first hour to induce the gelatimtess, and the

third wash was done-8 hours after the second wash or the following day.

The ceculture between T cells and artificial/actual APCs was set up in the
KeRNR3IStaod /Sttf adzallSyarzy 2F Sk OK OS¢
T cellmedium. Once both cell suspensions were combined it met the required
volume for 1mL of hydrogel. For example, &albure between T cells and DC

at ratio 10:1, respectively, requires 1.25%¢0 OSt t & Ay wBQIn>[ Iy

MHP >[ F2NJ mMY[ Ke&RNR3ISt®

2.11 3HThymidine incorporation assay

BHC KEYARAYS Aa | NIRA2FIOGAGS ydzOf S2GAR
DNA during DNA synthesis prod&4s8]. From T cells perspective, activated and
proliferating céls incorporate more the 3fihymidine in DNAue to actively
synthesised DNAhan unstimulated/resting T cells. The assay cannot provide

single cells readouts, as the produced results represent the wtmlle
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LJ2 Lddzf | G A 2y . N \ellsLx1Oaebsond) amdSattificial APC (1%10
beads/mL) were resuspended in T cell medium and encapsulated in 1mL of
peptide hydrogel. The experiment was set up in avéb plate and incubated

for 6 days at 3%C with a 5% Cnhcubator. On the final day of the expeant,

Man>[ 2F YSRAdzY &adzZNNRBdzyRAYy3I (KS Ke&RNEREZ
assay to analyse the cytokines of interest. The removed medium was replaced

with fresh culture medium containing3HK & YA RAY S o6ndp >/ A0 |
the final 18 hours athe experiment. The following day, medium was removed

OF NBFdzf f & ¢gA0K2dzi RAAGAINDAY3I (GKS K&RNER
distilled water) was added to the wells. The content was gently mixed and
incubated for 5 min to degrade the biomateriatiasells. The plate was washed

with water six times to get rid of the culture debris and released DNA content

was trapped in the UniFilter 9@ell plate (see Table 2.6). The plate was left to

RNE 20SNYyAIKG FaG NR2Y (SYLSsdtilagaNGE Ay
liquid was added to each well and analysed fofTBimidine incorporation

(cpm) with TopCount NCT PerkinElmer radiometric counter.

2.12 CFSE staining of CD4+ T cells

T cells were labelled with carboxyfluorescein succinimidyl ester (CFSEgto tra

down the cells during the microscopic imaging process and assessment of cell

proliferation by flow cytometef. C{ 9 R&S g2NJ a 2y O0S Al ON

membrane and gets processed by esterase enzymes which create a highly

fluorescent dy¢319]. CFSE binds covalently to the amine groups of the proteins,

0Kdza WElFoSttAyaIQ GKS SYyGANBE OStta gAlrf
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division the fluorescent coent within cells gets halved into the daughter cells,

making the dye popular as the surrogate for the proliferation stu@eaph

a) b)
Division: 4 Division: 3 Division: 2  Division: 1
1000 Division:
4 3 2 1
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N
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CFSE labelled
~ cells 200
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g

Graph 2.3CFSE dye dilution by dividingscahd flow cytometry analyse2ells labelled
with CFSE dye have high fluorescence intensity. a) Upon T cell stimulation, dividi
RAfdziSR GKS /C{9 O2yGSyid Ayl2 GKS R
monitor the proliferation proess. b) CFSE dye dilution and proliferation car
monitored by the flow cytometry, where the decrease of CFSE fluorescence ini
reflects the dividing cells. Figure created with BioRender.com

Cells staining process began by dilution of CFSE stock with dimethyl sulfoxide
(DMSO) to make a 5mM stock smlo. Dye was further diluted to achievel2

final working concentration per 1mL of DPBS. Prior to staining, CD4+ T cells were
resuspended (1xf@ells/mL in DPBS) and washed by centrifugation to remove
the remaining serum content. The prepared CFSE staining solution was added to
the dislodged cépellet, 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
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washed and resuspended at 18tells/mLm complete T cell medium with-2L
and rested overnight in-@&ell plates (37C). The following day the uniformity
and fluorescence intensity of CHSEelled 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 mwalRglate, and

the gelation process was induced (by changing the medium in total three times)
within one day. The fallving 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 linészoelastic region. After

this test, the determined strain (i.e. 1%) was used for all samples at the
frequency of 1 rad/§311]. Storage modulus (Pa) of hydrogels was identified by
0KS WiAYS &g S Sadjuided with ter ieasar&memiskoved 5 rain
GAGK O2yadlyd adNIAYy FyR FTNBIdSyoe as

ranged between -46mm.

2.14 ELISA fdr C b

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 maliluted 1:2 reflecting the cellular response.

96-well highbinding plates were coated with capture antibody (1:100 in PBS),
at 100pL / well and incubated overnight at room temperature. The following
day, the capture antibodies were removed and theéepl@as blocked with 300

uL reagent diluent (see table 2.5 for compositido) 1 hour at room
temperature. After the removal of the reagent diluent, L0@f diluted samples

and prepared standard (2000 pg/ml in reagent diluent) were added and
incubatedfor 2 hours at room temperature. Plates were washed five times with
washing buffer, before addition of 1(@ detection antibody (1:100 dilution in
reagent diluent) and incubation (2 hr, room temperature). Plates were washed
another five times, followedybthe addition of 10QiL of polyHRPstreptavidin

HS (1:1000 in reagent diluent) for 30 minutes. After further washing, 100uL of
TMB substrate solution was added and incubated in the dark at room
temperature. The plate was monitored for colour change & s$kandard
samples. The process was stopped with 50 pL of stop solliNbonf(2NHSQ)

once the gradient from the highest to the lowest concentration of the standard
samples was visibl®ptical densities were determined by absorbance at 450nm

with Infinte F50 Tecan microplate reader.
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2.15 ELISA for-10

The 96well highbinding plate was coated with 100 puL of capture antibody
diluted at 1:180 in DPBS, and incubated overnight at room temperature. The
following day the plate was washed three timegh washing buffer, and
blocked with 300-L reagent diluent for 1 hour. Plate was washed three times,
and 100 pL of diluted samples (1:10 for 2D,-dituted from 3D culture) and
standards (312000 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 pL 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 pL streptidinHRP (diluted at: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

Fd 9[L{! LCb! LIIFIiSad ¢KS Syawa\E | aal &

2.16 ELISA for-12p40

The 96well higho A Y RAY 3 LI I 0S gl a O2F 4GSR sAGK
(diluted at 1:250 in the coating buffer) and incubated'&t dvernight. Plate was

washed three times with the washing buffer, followed by additbnoH nn > 2°
assd diluent for the blocking step and incubation fohour. Harvested 2D

culture supernatants were diluted with an assay diluent by 1:50 dilution,
whereas 3D culture sampleas tested undilutedStandards were prepared in

the assay diluent ith known concentrations ranging from %80 pg/ml. After
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the washing step, 10GL of samples and standards were aliquoted and
incubated for 2 hours. The plate was washed five times and 100pL of detection
antibody (1:500 dilution) with streptavidiRP (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
RSPSt2LIYSyd LINRPOSaa gla FTAYAAKSR Ay i
plates. The decribed 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 200uL of MACS buffer and stained with a panel of antibodies
(Table 2.3). Separate samples were prepared for isotype cogtothodies
matched the same class as the antibodies used for the marker detection.
Isotype controls and antibodiegjainst specific markers were also matched by
fluorophores, concentrations and manufacturers. Stained samples were
incubated (15 min atC, in the dark) followed by addition of an equal volume

of PBS for the washing step. Cells were reconstituted irabab200uL 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 froBD culture. A further irrelevant

98



isotype (not matched to any antibodigtecting marker) was included to exclude
hydrogel debris from the analyses. Flow cytometry data were analysed with

FlowJo version VX and v10.8.

Table 2.3 Flow cytometry antibodies

Extracellular marker Isotype control
detecting antibalies (Catalogue
(Catalogue number) number)
CD4+ APC (133 1gG2a (13413 2

Used volume (UL Manufacturer
per 200uL sample

Miltenyi Biotec

772) 831)

CD4+ PE (13013 lgG2a (13413 2 Miltenyi Biotec
241) 834)

CD3+ FITC (11081- 1gG2a (130113 2 Miltenyi Biotec
047) 833)

CD8+ APC (1313 IgG2a (13413 2 Miltenyi Biotec
154) 831)

CD25+ APC eFluor 1gG1 (47471482) 5 (isotypes were eBioscience
780 (47025942) used at 1.25pL)

HLADR PE Cy7 (25 1gG2b 5 (isotypes wre eBioscience
995642) (25473281) used at 0.075pL)

HLADR VioBlue IgG2a (13413 2 Miltenyi Biotec
(130-133-968) 839)

CD86+ FITC (130 I1gG2a (13413 2 Miltenyi Biotec
114-097) 833)

CD86 PE (13014 IgG1 ((13a23 2 Miltenyi Biotec
098) 746)

Polyclonal Rabbit ~ / 2 Dako

anti-mouse
antibody FITC
(FO0232)
Hydrogel debris

IgG1 VioBlue (130 2

Miltenyi Biotec

L 093197)
exclusion (isotype

control only)

2.18 Peptide hydrogel degradation and cell release for flow
cytometry
Cells were released from the peptide hydrogel by usiggLe&r 1x solution.

TrypLE, a direct replacement of trypsin enzyme, was warmed@l&fore the
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hydrogel degradation process. 100 pL of supernatant was removed from each
well for subsequent ELISA, then 200 uL/well TrypLE was added. TrypLE solution
aided gé degradation during pipetting which facilitated distribution of TrypLE
throughout the sample. Plates were incubated (10 minute¥CBand content
transfer to 50ml Falcon tubes. An additional 400 pL of normal T cell medium was
added to degraded hydrogelsrior to centrifuge (300 x g, 10 min). The
resuspended pellet was exposed to a second round of degradation and 200uL of
TrypLE added. After a further-bfinute incubation at 3C with weashing, the
hydrogel was exposed for the third and final time to thgIE. Once washing
steps were completed, 200uL 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

discussd 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 cytom@29]. At the
conclusion of experiments, 200uL of the test sample was stained with 5uL 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, 8°C). 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 usingactiour fluorescence
Live/Dead staining kit. The staining solution was prepared in 1mL PBS with
M>[ KY[ OFf OSAY !a YR H>[kY[ 2F SGOKARA
cells respectively. Hydrogels were removed from wells, placed on
glass coverslipspvered 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 Epe) with a Nikon Digital Sight -B&
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 Gaptwhere live and
dead cell counts (distinguished by different fluorescent channels) were obtained

to calculate the cell viability % as follows:

[T LY A4 T v \Q 1 14
P6QoOQuw Qg—%o ©OTT T

O«
w»

GKSNB 6Gfé A& A dBOE Datayire pidked with@averRdd WoR

Cell Viability numbers calculated from the three ROIs of the hydrogel sample.
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Graph 2.4: Live/Dead image processing steps to count cells within the peptitergelhe same region of interesi@R the image was split into

two channels representing live cells (stained by calcein AM) and dead cells (stained by ethidium homodimer). The inoegeseds @6

bit, followed by a threshold to remove the noise background and distinguish indiétisiaNext, the image was turned to the binary to make
atwoO2f 2dzNJ AYIF3ST gKAOK Ffa2 NBRdAdzOSR GKS oF O13INRBdzyR y2sidmedL YI ISW
WAYTAYAGEQO FYR (KS AKEETEBNRFIROStO&T 0 ( SNIBRD WOR NDONI G KB (6 Rdzy 65 | Y
0KS a2F0sFNBQa O2dzyiSR a4LRGaAd ¢KS Whdzif AySQ AYIF3AS g1t asingOrew LI NBER
adjustments (separating joinedlis® or parameters (infinity and circularity) were defined again to produce a more accurate count. The values
F2N) WAYTFAYAGEQ YR WOANDdzZ FNAGeQ gSNB O2yadl yld LISNhidivés adaptgR dzOlG SR
from Christine Labno (202(821].
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2.21 DC staining with PKH26

PKH26 red fluorescent cell linkeras used to label DC before hydrogel
encapsulation. PKH26 interacts with long aliphatic tails of lipids and mainly stains
the plasma membranf822]. Before the assay, all reagents from the kit were
warmed to room temperature. 2x1@ells were collected into 15 Falcon tubes
and washed in RPMI medium without serum (4005 rgin). 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 4uL of PKH26 dy&\M}x10
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 ofserum
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 nevalEon 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, Tsog#re stimulated for 12 hours

GAUK ta! OHpY3IAKYEUO YR L2Yy2Y@OAY O6ndp>
with -2 (30 U/ml). A suspension of T cells (£x10) was aliquoted (1mL) into

12-well plates, followed by the addition of another 1mL of T cell mediu

containing 2x concentration of stimuli. Resting T cells were incubated for 12
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hours in medium alone. Mitogestimulated T cells were used as a positive

control in the peptide hydrogels.

2.23 Multiple lymphocyte reaction (MLR) with artificial and
actualAPC

Resting T cells stained with CFSE were encapsulated with DC (immature, mature,

drugtreated) or artificial APC (antibodgated polystyrene beads) in hydrogel.

For encapsulation, T cells (1.87531ere prepared in 125uL T cell medium and

combinedwith 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 uL peptide hydrogel and set up in a

96-well plate. Both 2Drad 3D cultures required medium replacement evedy 3

days during the experiment.

2.24 Confocal microscopy, 3D imaging and
immunocytochemistry

Cocultures of labelled CFSEcells and PKHIBC in hydrogels were set up for

7 days in glassottomed 96wellLJ I 6§ Sa® hy GKS FAylf RI &

removed and replaced with the same volume of PBS. This washing step was

NBELISI SR G6A0S® ! FGSNI GKS fLad ¢FakKsz

was added and incubated for 1 hour at room temperature irddr&. 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. 508 of Zstack images were produced with
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10x obhective, starting from the top and moving towards the middle of the
hydrogel. Atacks were processed with an optical section set at ith&mnd z

step sizes at 4.28n. Collected images were processed with ImageJ software.

Other experiments analysed Ki@ftoliferation 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)-glasg@ottom plate

and incubated for 7 days. On the finaydanedium was removed from the
LISLJGARS Ke@RNR3ISta YR gl aKSRuan% GAYS
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
washkk 2y O0S GAGK mnn >[ t.{d ¢KS Ke@RNR3IS
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 209 [ prindry antbody targeting Ki67 (diluted 1:100 in blocking

buffer) was added. The dish was covered with parafilm and aluminium foil and
incubated overnight at®€. Excess staining solution was removed and washed
G6A0S GAGK wnn >[ of 2017 Xof the finadzafashd. NJ 0 p
Secondary antibody polyclonal anmtouse Alexa Fluor 633 (1:400 dilution in

0f 201 Ay3 O0dzFFSNE G201t wHnn>[ 0°C.dhed | RR!
YSEG RFEFeI KeRNR3IStE 6SNB 61 aKSR GoA0S

Nikon AXtonfocal microscope, 10x objective.
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2.25 Coating plates with fibronectin and collagen type | and
analyses of catimulation effect on T cells
Fibronectin from bovine plasma and rat tail collagen type | was used to eoat 96
well highbinding plates. Fst, working concentrations of collagen and
fibronectin were prepared separately in nbigh binding 9évell plates. During
the coating procedure, all proteins and thewéll plates were incubated on ice
to prevent protein polymerisation. Plasma fibronestiwere resuspended at
100ug/mL in PBS and 150uL aliquoted / well. Fibronectin stock was serially
diluted with cold PBS as required. Collagen type | was prepared at 100pg/mL by
mixing 33pL of collagen stock (3mg/mL) with 100uL of 10X PBS, 0.825puL of 1M
NaH and 866 pL of distilled sterile water. The preparation of various collagen
concentrations followed the same steps as for the fibrone®itutions of
matrix proteins were transferred to 9@ell highbinding plates, wrapped with
parafilm and incubated evnight at #C[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 (coatedpgitnlLl
anti-CD3), wells were washed three times with 20BS. CFSE labelled T cells
were prepared at 1.5x®0nl in T cell medium and aliquoted to the protein
coated plate with APC (ratio 1:0.125) and incubated for 5 day$@t 3% C£O
Ant-CD3 and arCD28 coated APC were used as a positive controteade
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 |
and plasma fibronectin
Stock solutions (Img/mL) of collagen type | and fibronectin weremémnd
stored on ice. 250L medium containing T cells, artificial APC (coated with
30ug/ml of CD3) and both matrix proteins were prepared for 1ml peptide
hydrogel. For example, to make [8@ml of functionalised hydrogel with
fibronectin and collagen typke 1ml of peptide hydrogel received 41.24f
fibronectin prepared stock, 41.akof collagen type 1, 80.of T cell suspension
and 8QLof artificial APC, making total 280 During the encapsulation process,
first matrix proteins were mixed into thedrpgel followed by the addition of T
cells and artificial APC on the top of the gel. The whole content was gently mixed
and aliquoted 10@L per well into a 9évell plate. For this experiment, CFSE
labelled T cells at 1.5x8Ml were encapsulated with arigial APC at a ratio
1:0.25 and incubated for 7 days3®C 5% C& Medium was changed on days
o YR nT 2y GKS FAYylIf RF&X 0KS &dzLISNJ
FyllfeaSad | @RNRISE g1 & TFdzNHKSNI LINROSa

responsen 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
4 WeNFlIffe RAAGNAOdZISRQOY 6KSNBI A& LIHnd

If acquired data were nenormally 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 thaparametric tests could be used to analyse the
significance of data. Rheology data of the peptide gels were tested with an
unpaired, twetail t-test. The choice of statistical tests analysing cellular
response data varied amongst experiments. Figure |leg@ddate the types of
tests were used to analyse specific data. A normally pairedtailydtest or
repeated measures (RM) Twa@y or Onevay ANOVA tests were used. The
significance was determined ifvalue was less than 0.0%5he approach of

gl a RA&aOdzZA&ASR YR | ROA

statish OF f | yI f &@asSa

at University of Nottingham.

Table 2.4 ikt of reagents used for research

Reagent

Manufacturer and catalogue number

Histopaque 1077

5dzf 6 S002Q4a LIK2ALKL
(DPBS)

Trypan Blue

CD4+ human microbeads (CD4+ T cell
isolation)

CD14+ human microbeads (CD14+
monocyte isolation)

LS columns

LD columns

MS columns

IL-2 cytokine

IL-4 cytokine

GM-CSF cytokine

Poly:I:C (TL3)

R848 (TLR 7/8)
Dexamethasone

p38 inhibitor (BIRB196)
20um polystyrene particles
Anti-human CD3
Anti-human CD28

Anti-human CD55

SigmaAldrich, 10771
SigmaAldrich, D8537

ThermoFisher, Gibco, 15250061
Miltenyi Biotec, 13@45101

Miltenyi Biotec, 13@50-201

Miltenyi Biotec, 13@42-401

Miltenyi Biotec, 13@42-901

Miltenyi Biotec, 13@42-201

In house produced (stock 5X10/mL,
2316198, JR338)

Immunotools 11340042

Peprotech 30@3

Invivogen

Invivogen

4mg/ml Organon, UK (Clinical grade)
Selleck chemicals S1574
Polysciences, Ind.8329

Clone: OKT3, Mouse IgG2ahause
Clone: CD28.2, NA/LE, Mouse |81,
Biosciences or Clone: YTH913.2, Rai
IgG2b, iFhouse

Clone:791T/36, Mouse lgG2bhause
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Table 2.4 List of reagents used for reseérontinue)

FEFEFKFK peptide powder

UltraPure distilled water

1M Sodium hydroxide

10X PBS

3HThymidine

Scintillating Fluid

Sodium dodecyl sulfate (SDS)
Cell Trace CFSE

Dymethyl sulfoxide (DMSO)
24-well inserts with 1um pore
L-glutamine

HEPES buffer

Fetal bovine serum (FBS, for T cells)

Fetal bovine serum (batch tested for DC

9[ L{! KdzYl Yy
ELISA human4{l0
ELISA human {12p40
Sulphuric acid 5SMZNHS04)

96-high binding well plates (EIA/RIA)
Bovine serum albumin (B9

Tween 20

PBS tablets

TMB substrate solution

1M of 2NH2SO4ELISA stop solution)
TrypLE 1x, phenol red

Propidium iodide

Paraformaldehyde

LIVE/DEAD staining kit

PKH26 red fluorescent cell linker kit
PMA

lonomycin

Glassbottom 96-well plate for
microscopic imaging

Anti-human Ki67 primary antibody
Anti-mouse AlexaFluor 633
Fibronectin bovine plasma

Rat tail collagen typé

RPMI 1640

EDTA 0.5M

Sodium Pyruvate
Penicillin/Streptomycin

LCb!

Cambridge Research Biochemicals a
Pepceuticals

Fischer scientific, Invitrogen, 115386
SigmaAldrich, S2770
ThermoFisher, Gibco, 700036
PerkinElmer, NET027001MC
Microscint PerkinElmer 866071
SigmaAldrich, 436143
ThermoFisher, livogen, C34554
SigmaAldrich, D2650

Greiner BigOne, International, 66261(
SigmaAldrich, G7513
SigmaAldrich, HO887
ThermoFisherGibco, 1027806
SigmaAldrich, F6178
Immunotools, 31673539

R&D systems, DY217B

BD Biosciences, 555171

Fisher chemical, 12963634
Costar, 3590

SigmaAldrich, A/906100G
SigmaAldrich, P1379

Oxoid, BR0014G

BD Bioscience, 555214

Fischer scientific, 10666072
ThermoFisher, Gibco, 12605028
SigmaAldrich, P4864

Thermo Scientific, J19943.K2
ThermoFisher, L3224
SigmaAldrich, MINI26

Sigma Aldrich, P1585

Sigma Aldrich, 10634

Fischer Scientific, 13539050

Abcam, ab279653

ThermoFisher, Invitrogen; 24052
SigmaAldrich, F1141
ThermoFisher, Gibco, A1048301
Sigma, R8758

ThermoFisher, Invitrogen, 155020
SigmaAldrich, S8636
SigmaAldrich, P4333

Table 2.5 List of mediuand buffers

Medium and buffers

Composition

T cell medium

500mL RPMI, 1%Glutamine, 1%
penicillin/streptomycin, 2% HEPES
buffer, 1% sodium pyruvate, 10% FBS
cells)
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Table 2.5 List of mediuand buffers

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 diited
sterile water (UltraPure)

Washing buffer (ELISA) PBS with 0.05% Tween20

Blocking buffer PBS with 0.1% Triton, 0.5% BSA

(Immunocytochemistry)
Reagent diluent and blocking buffer ~ PBS, 2% BSA and 0.05% Tween20
09[ L{!'"Z LCb:+ 0

Reagent diluent (ELISA-10) PBS with 1% BSA
Assay diluent (ELISA12p40) PBS with 10% FBS
Coating buffer (ELISA,-12p40) 0.1M sodium carbonate (mixing 7.13g

sodium bicarbonate, 1.59g of sodium
carbonate in 1L distilled water) and
adjusting pH to 9.5 with 10N sodium
hydroxide.

Table 2.6 Ligif experiment pecific 9éwell plates

Materials Supplier and catalogue number
96-well UniFilter plate PerkinElmer, 6055690 (for 3Hhymidine)
96-well high binding plate CGorning, 3590 (for ELISA)

96-well glass bottom, optically clear PerkinElmer6055302 (for fluorescence
plate microscopy)
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Chapter 3:Prootof-principle: peptide

hydrogel use for T cell culture

3.1 Introduction

Selfassembling peptide hydrogels warsed to culture various cell lines, but
there is a paucity of research studying immune cells, especially [B@&)I808,

311, 312, 32426]. Various biomaterials were investigated for their capacity to
establisi8D 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 materigll61, 164, 166, 277, 32330]. 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 hydrogetlated research with primary immune cells
was done for the vaccine purposes. Different peptide units (i.e. RVQV
multipeptide from KRAD, pelylysine with Fmoé&F, PE®-poly(L-alanine)
(polypeptide), NayisFFY peptides) bearing antigens were used to prime the
immune responsef49, 331335]. However, even if the peptideydrogels 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 celteey do not evidence
enough data to predict the consequences of using peptide hydrogels, especially

FEFEFKHAR32, 336, 337]

Due to marked differences in compositiamd 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 tkeell encapsulation proce$310]. One study

reported how T cell proliferation and CD252XIteceptor) expression were

inhibited by small pH variations (from 7.0 to 7.4 [@38]. This should be taken

Ayi2 | 002dzyli 6KSy ¢ OStta INB SELIRaSR i
Al O2dA R I FFSOU OSttaQ OGAlLoAftAGE |yR
O2YaARSNI Ada (KSISYIZH SNARIOIKQ 20 2&def ART AW S & adzSty
T cells activityl64, 330, 339]Few studies already showed opposing results on

K2g ¢ OStftaqQ | OGAgAGE 61 & AYyTtdzsSYyOSR o
type | hydrogel suppressed T cells proliferation, whereas alginate hydrogel
enhanced if161, 164 . S&AARS& KE&RNRISEt Qa AGATFTFyS:
could effect cells as well, as collagen type | providdutibaii 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 investifiad

307] In addition, due to its nafibrous structure it is unknown whether peptide

hydrogels could support effective metabolite diffusion and waste product

112



NBY2 O f G2 adzLl2NI ¢ OSftfa |O0OGAgAGe®

mechanical and architectural properties on T cells needée 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 nanofibe

the peptide hydrogel (made from RVQV peptide sequdB88). DCs processed

the OVApeptide and activated CD8+ T cells in vitmwever, in this study cells

were not encapsulated in the material; rather they were mixed in cell culture

with fully-formed fibres carrying the OMxeptide. The purpose of this study was

to produce the material suitable for immunisation and deliver peptides to induce

an immune responseTo date no other literature describes immune cell
stimulation within thepeptide hydrogels, which could give some indication of

GKS YFOGSNARIfQa AyTFfdzSyOoS 2y OSfttao {2
FEFEFKFK hydrogel to modify other cell line behaviour. For example, Diaz et al.
GHAMCcUO &AK2gSR C9 C9 CYupport tkeddifat@ntiaioh Ofa | 0 A
mesenchymal stem cells into osteoblasts in the presence of osteogenic media
[312]. Burgess et al. (2021) demonstrated differentiation of cardiac progenitor
cellsand Heetal. (2022)K2 s SR KSLJ 1208 0SaQ NBalLlRyas
altering their production of albumin and urg208, 324] These studies were
dependent on good supplements or drug diffusions to support stem cells,
progenitor &lls differentiations, and hepatocyte drug treatment. This indicated
FEFEFFHKfydrogel'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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cellsfor6or12days/iRA OF GAYy3I G(KS KE@RNRISEtQa FoAf

exchange and waste product removal for the encapsulated cells.

hy (GKS 0-6fABAYOAREIBR2 §KS OdZNNBYy G FAY 2
0KS LISLIWARS 3ISt aQ & dgh folpdmafy human Trcalls. | 05
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 addressdlaionship between

peptide gel densities and stiffness levels on T cells to identify the optimal
FEFEFKFK density able to support activel Tudtures. In addition, peptide
KERNRISEQa STFFSOO sl a GSadSR 2y 020K |
factors (chemical, mechanical and biological) could influence cell viability,
metabolic and phenotypic state§327, 339% ! FGSNJ LISLIWIARS
optimisation for T cell culture, further tests were setuptotest OSt £ 4 Q | 6 A
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
thS LISLIWGARS KeRNR3IStaQ AyFtdzSyoS 2y 2yS
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 FEFEMRydrogels.

114



3.2 Results

3.2.1 Determining purity of CD4+ T cells pasblation

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 populationatestrated the process to
reliably deliver a higpurity single population of cells that were CD3+CD4+.
CD4+ T cell purity pestolation was routinely confirmed before establishing
experiments (Fig. 3.1 (b)). Whilst the efficiency of CD4+ isolationd (iagie
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 blB&#1C
cells were isolated from the donated human blood, and further processed
magnetic $olation to obtain a pure CD4+ T cell population. Isolated T cells
labelled with anthuman CD4+ APC and antiman CD3+ FITC antibodies a
analysed by flow cytometna) Gating strategy for the analgsof the purity of CD4+
T cellsAll data was aalysed by settingjate-excluding debrisfollowed by doubles

exclusion. The isotype control gates (negative control) were set on the 5% co
boundary and applied on the sample stained with T cell markers. The purity of isc
CD4+ T cells was typilyab90% (b) Majority of postisolations resulted in >90% c
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 hydrogelseamaintained in contain alkaline conditions (~pH
9.0) to stop the gelation process during the encapsulation of cells in hydrogels.
The gelation of the peptide hydrogatcurredat pH 7 (370C), as rendered by
frequent media changes and CO2 presence. It twagefore 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 propdium iodide stain, which binds the DNA of dead cells, and flow
Oel2YSUNE (2 | acel® detined Béirtviability &tar 2BHhoudrsh G & @
exposure to high pH and viability was not significantly different to the cells
incubated at pH 7.4 (FigZ}. Subsequent experiments requiring T cells were

therefore conducted using this higiid gelation method.
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(b)
pH effect on T cells after 24h
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Figure 3.2: The effect of alkaline pH on T cell viabilRgstingT cells werencubated
for 24 hours (h) in media with alkaline pH, adjusted by 0.5M Na@ébility of cells
were assessed by prajpum iodide and flow cytometry, and compared against li
and dead cells (heated for 10 min at°d$. (a) Histogram plots fom the flow
cytometry presentd cell responsto different pHfrom three donors.l§) A summary
graph of all donors presents no significant effecthigh pH on T cell viability.
Statistical analyses was completed by @ne & ! bh+! gAGK 5d
test. Each condition were compared agairisie cells/pH 7 Data presented as
mean+SD, n=3 from three biologicaltgependent 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 aedlyy bulk oscillatory
NKS2f238d CANRGZ (GKS 2LIiAYdzy adNIAy
force required toyield a structural deformation of the matixt still retaining

the integrity of the material. If too much strain (%) is applied omtaeerial, it

gAftt OFrdzaS GKS AYyySN) addNHzZOGdz2NE G2 o0NBI
destruction) and cause the material to permanently defdB840]. Thus,
SEOSaaAr@S &l NI Ay nalterédréadodt airfthB mausinaldef @a A

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 used311] 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 r§git4]. Allhydrogels

maintained their storage modulus under 1% strain (Fig. 3.3 (a)) until the
increased strain value started to cause the mechanical disruption of the
YFGSNAIE® 1fa2% (GKS ad2N)y3IS Y2RdzZ dza o
properties of the pptide hydrogels as they were above their corresponding loss

Y2 Rdzt dza @+ f dzSa 6DQQUV® CdzZNIKSNJ NKS2f 238

analysed with the optimum strain set at 1% with an angular frequency of 1 rad/s.
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As previously mentioned, peptide hydets 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 serotein
interactions with the peptides was tested and compared over a range of peptide
concentrations (Fig. 3.3 B). The stiffness level of the hydrogels was not
markedly affected by the presence of TCM, and the storage modulus was
sustained with no sidficant 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.

¢KS ad2N) 3IS Y2 RdzZ dzirogélDwns dererfined Kedore LIS LJIG A
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 tleadl$ would be
SELIAaSR (2 Ay (KS TFdZteé& F2N¥SR 38t o ¢K
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,
respectivelyThere 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 (S£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 peptideydrogels. Different concentrations
(mg/ml) of peptide hydrogel were prepared and tested after 24 hours of gelation pro
with bulk oscillatory rheologyta) Amplitude sweep testvas set up todetermine linear
viscoelaic regions of the peptide gels and strain(%). 6mg/mL (b), 8mg/mL(c) and
10mg/mL(d) peptide hydrogels (n=3) wererecapsulated with TCM (containegrum) and
compared their stiffness level against the same denitgirogels but encapsulated witt
RPMI medium onlyNo significant difference betve: two medium were achievede)
{GAFTFTySaa ft S@SHydroged @s5) siyificaintly Hicrdaied hietlvdes6 and
mg/mL only. Statistical analysasmpaired ttest (b-d)and Oneg | € ! b h ! 7]
posthoc(e). Data presented as mean+SD,p%0.01.

123



3.2.4 Optimising peptide hydrogel density for T cell culture

Optimal peptide hydrogel density was investigated for IT atéture, since
specific cell lines required specific hydrogel density and stiffnes§3e6eB11,
312] In this experiment, activated and resting T cells were encapsulated in
different peptide hydrogel dengitSa (2 FylfteasS GKS YI G
proliferating and quiescent state T cells. Control 2D cultures were established
lf2y3aARS o5 SELISNAYSyida i GKS &l yvY$S C

behaviour under the standard laboratory conditions.

Resing 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 lonomycin; mitogen diffusion
through the material was notested. 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 honmmyes and without visible

debris that could be confused for cells.

Cell viability in the hydrogels were assessed by Live/Dead staining, followed by
guantifying data (cell viability %) based on the total number of cells divided by
viable cells (green) onlfig. 3.5. (#@)). 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 logkls. 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 densifiks. results
were not significantly different, but the trend on increasegtpke hydrogel
density (above 6 mg/mL) and reduced stimulated T cell viabilitgwident (Fig.

3.5. (0)).

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 fnenpéptide

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
RSGSOGSR Ay (KS wOStt 3IF4GSQ NB3IA2Y oI a
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 significdly greater in 6mg/ml than any other hydrogels (Fig. 3.6. (b).

All donor cells were biologically active as indicated in can&bl cultures (Fig.

3.6. (C).

Overall, the optimal peptide gel density for T cell culture was 6 mg/mL because

it supported beter viability and expansion of proliferating cells.
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Figure 3.4: Assessing T cell culture encapsulated in the peptide hydrddjgbgen stimulated and
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(© Stimulated T cell viability % in hydrogels
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Figure 3.5: Analysing T cell viability (%) in the peptldedrogel. Mitogen stimulated and
resting T cells were encapsulated in the peptigdrogels with different densities (mg/ml
and incubated for 5 day (a) Fluorescence microscopy images of T cells stained
Live/Dead stain in the peptide gads day 1 and 5Cell viability %b) was calculatedrom
fluorescence images, produced from three biologically independent dof@rSummary
graph of cell iability (%) of stimulated T cells across tgdrogelsshow no significant
difference Statistical significance was determined with two-way ANQ ! gAGK
comparison testmearntSD(b),and RMOng | & ! b h ! & A (hidc andddits
presentedwith mean valueonly (c). Data composed from n=3, *p<0.05, *p<0.Xale
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Figure 36: Determining the optimal peptidehydrogel density for T cell cultureMitogen

stimulated and resting T cells were encapsulated in the peptigdrogels with different
densities (mg/ml) and incated for 5 daysOn the final day, cells were released from tl
hydrogel by the TrypLe 1x solution and analysed by the flow cytom@iFlow cytometry
data presentedh Y RA @A R dElcdlls réteasé@fidd tiieydrogels on day 3o population
of resing T cells weraletected by the flow cytometer, apart from stimulated celfb)

Summary graph of stimulated T cell counts released from the peptyadizogels, and 2D
culture cells(c). Cell countsfrom hydrogelswere analysecby RM Onevay ANOVA with
TulkS & Q a-hotdp)awihere 2D culture was analysed witho-tail, paired ttest (c), data
presented as meatSD * 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 rgsTirells 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 coypdave T cell survival

and retain viable cells for a prolonged incubation peliddd., 342]

Resting T cells were encapsulated at various cell densities in 6 mg/mL peptide
hydrogels (Fig. 3.7). Over a 5day periotbre viable cells were visible in
hydrogels containing densities above 1.%5xd€ll/mL. Gradual cell death was
more evident with T cells seeded lower than 1.5xIs/mL in the peptide
hydrogels (Fig. 3.7.-8). The effect of increased cell densityte structure of
peptide hydrogels was also observed on the same days as the cell viability assay
(Fig. 3.7. (l)). All cell densities changed the size of the peptide gels by day 5,
but most of evident structural deformation was with lower cell degssiti
(<1.5x16 cells/mL). However, media change could be a contributing factor as
well, since hydrogeadnly 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 Wi K2 dzi AYLI ANAY3I (GKS YIFIGSNAIE Qa ad

cells/mL in 6mg/ml peptide gel was used for future experiments.
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Figure 37: Determining optimalresting T cell density in 6mg/mpbeptide hydrogel. Resting
T cells at various cell densities were encapsulated in 6mg/mL peptide hydrogel:
AyOdzo I SR ¥F2NJ p RIeadad hy (GKS FAylLf RI¢
fluorescence microscopda) Fluorescent images of resting T sdahdicate live and deac
cells in the peptide hydrogelb) From three different regions of the hydrogel, images we
collected to calculate cell viability %. Resting T cells viability % was improved at hi
densities (from 1.5x10cells/ml) in the méerial. (c andd) Images and measurements ¢
the peptide hydrogel structural change. Peptide gels retained their structure even
encapsulating high density of cells. Scale bars are setOat Y, data presented as
meanzSD, n=1.
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3.2.6 Coating polystyrene particles with stimulating T cell
antibodies (artificial APC) and testing against alkal
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 studig28, 343, 344]In this study, polystyrene
particles (size 10um) 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 hggel could affect the biological
activity of antibodies during the encapsulation process. Powdgydrbgel is
dissolved at high pH (> pH 9), by adding Na@®ith prevents the interaction
between negatively and positively charged amino acids of FEFREKIRK.
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 ££@s neutralises excess NaOH and reduces
the alkaline to neutdapH 7[345, 346] Alkaline phtbf the precursor hydrogel

may well have an adverse effect on any antibodies, resulting in a failure to
stimulate the T cellsWe therefore tested the effect of high pH on antibadie

targeting CD3 and CD28 activity.

First, by using a passive adsorption method, polystyrene particles were coated
gAOGK mn >3kYf 2F /50 YR mn >3kYf 2F /¢
higher concentration of stimulatory molecules, where they Hasen coated

gAO0K on >3AkYEt 27F [ Bl BveitRally/ thdeatched of G A 0 2 R
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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 antibodks and flow cytometry. The percentage of coated particles with
antibodies were analysed by using a gating strategy set guattieles only (O

>3AkY[ 2F YGAO2RASA0 O6CATDP odTDdP O6F OO0
FYGAO2RASAE 021 GSR 6AGK mn >3IkY[ I B6KSNB
3.7. (b)). In additionj KS aCL @I tdz2S 2F wmn >3IkY[ 02y
loweri Ky GKS LI NIGAOESa O2Itisévitlenthhatik o n >3
AYONBI A4SR FYiA02RASEAQ 02y OSYyiN) A2y
AYRAOIFGAY3 Y2NB o02dzyR FYyiAO02RASA 2y (K

were only coated witla blocking buffer containing 0.05% of FCS serum in PBS.

The alkaline pH effect on the antibodies was tested with the same method used

G2 AYRAOFGS (GKS SFFSOO 2y ¢ OSttaqQ @A
exposure to an alkaline mediumethrtificial APC were collected, washed and
incubated with T cells for 4 days in 2D culture. On day 3 (Fig. 3.7. (c)), the
LINEE AFTSNI GSR oflrada 2F ¢ OStfta 6SNB OA
on>3kY[ FNIAFAOALI T ! trficle goyitrolORwed dvideita 2 y G
GKFG on >3kY[ FNIGAFAOAILE 't/ Ol dzaSR 31
coated beads. On day 4, the observation was confirmed Byh@hhidine assay

O2Y FANNAY A 3INBIFGSNI ¢ OStft LINRPERLFSNI (A
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 taneutral 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 APRarticles were coated with differen
concentrations of CD3 and CD28 antibodies (artifidfal)pand incubated for 24 hours

the media buffered to differentilkaline pH with 0.5 NaQHfter 24 hours the artificial
APC were washed and incubated with T cells at 2:1 ratio (APC:T cells) for @)dEys.
gating strategyfor detecting the presencef antibodies on the polystyrene particles b
the flow cytometer.(b) The % of coated particles were detected by gate set on bl
(n>3kYf 0 &l YL SI levesRverdl dorBparedyiitth NoF2 viaIleS)aight

microscopy images of celisoliferatingclusters responding to artificial APC on dayd3.
3H Thymidine incorporation assay were used to analyse T cell stimulationflnyeAPC.
On day 3, 3H hymidine (2uCi/ml) were added and incubated for 18 hours. Thymi
incorporation was measured by scintillation countingFl = median fluorescence
intensity, scale bars werset ato /1 n >n¥1 experiment with no repeats.
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3.2.7.Modifying T cell response with diffemt co-stimulation
signals on artificial APC

Typical T cell activation requires Signal 1 (T cell receptor, TCR), Sigral 2 (co
stimulation) and Signal 3 (cytokines) to induce full stimulation and
differentiation into effector cells. There is a large repieet of costimulatory
molecules that can allow for specific T cell functions under different
environmental conditiongl05]. 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 foed with different cestimulatory signals: CD28 and
CD55. Costimulation requires CD3 (Signal 1) presence to amplify a T cell
response. However, CD3 alatehigh concentratiofe.g. plate bound antibody
above 3>g/mL) can induce a T cell response and reduce the chance of detecting
a costimulation effect, thus previously formed APC could not be used for this
study due to high CD3 concentration (results 3[343]. Artificial APC were first
optimised with CD3 antibody to induce a sgtimal T cell proliferation
response. Enhanced responses were then observed with increasing
concentrations of costimulatory signals (a@B3 and arCD28) Artificial APC

were tested firsunder 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 anddilute the fluorescent dye into the daughter cells, which also
reduces the CFSE fluorescent inten@yf]. Prior to the experiment, labelled

/| C{9 OSft f aiand Gnifoknyty\we@ chipaked 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 indeis reported as well, which indicates the average
number of divisions the cell has gone through, taking into account stimulated

and resting T cells (Fig. 3.8d3.

Polystyrene particles were coated with differenB@>g/mL) concentrations of

CD3 antibody and analysed by antuse secondary antibody and flow
Oel2YSGNE OCATD odhpd O0lFVOUP ¢KS acCL
concentration, followed by a decrease in higher concentrations. This represents
the hook efect 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 ngga resulff349]. CD3 coated particles were
incubated with T cells for 5 days in the 2D cultlreells responded to the
various CD3 concentrations, with maximum proliferation response achieved at
odo >IAKYPRLMNVRI AdARBEALIZYaEAS G mdm >3Ik Y

Fig. 3.9. (b)). CFSE precursor frequency % and division index confirms the
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anali A& FNRY Iff GKNBS R2y2NE O0CAIP oD

was selected for artificial APC preparation with costimulating antibodies.

Particles coated with CD28 and CD55 show increasing MFI values alongside the
given concentrations (Fig.1®. (ab)). However, by reaching the maximum
O2yOSYUNYGA2Y>YT 020K O2aildAyYdzZ dAy3a |y
demonstrates the hook effect again. Cl&telled T cells were cultured with-Ab

particles at a ratio of 2:1 (Afmarticle: cells) for 5als. One representative donor

(Fig. 3.10. (c)) indicated T cell respoiio the given artificial APC coated with

CD28 and CD55 antibodies. CFSE % of divided cells indicated a maximal response
61 & NBIFIOKSR o6& odo >3IkYE 2F /5pp YR
| 26 SOSNE GKS NBAaLRyaS FTNRBY thesmaymal G o0 dc
(only 5% difference) and therefore, for the consistency of artificial APC
LINSLI N GA2yS Ad ¢l a4 RSOARSR G2 O2Fd LI
antibodies. Though, the following analysis of division index (Fig. 3.10. (d))
contradictR G KS OK2AOS 2F o®do >3IkYE 2F / 5HYy
NBalLkRyasS é46la | OKASOSR o0& wmn >3IkYid ¢KJ

CFSE % of divided cells data needs to be taken with caution.

In conclusion, artificial APC were formed witimised CD3, CD28 and CD55

antibody concentrations to study the-simulation effect on T cells in the

peptide hydrogels.
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Figure 3.8 Analysing T cell proliferation with Cell Trace CFSE and flow cytomé&tigell

proliferation is assessed with Cell Trace CFSE dye and flow cytofagt®rior to the

experiment T cells were stained with 1uM CFSE dye, washed and analysaioefting

efficiencyagainst unstained cell¢b) Gating strategy for analysing the proliferating T ce
which reports divided cells % by using a negative control gate set on the resting Tate
lylrfeara YSGK2R 27 dza AHo&EJo UlBL&1 sHftwaNd tb AbFat
statistical analysis on T cell proliferatiqd) Division index (DI) was used to report T ¢
responses in the peptide gel and the graph explains how the DI value is obtained.

147



(@  250-

200 -
& 150+
a
3 100+
504
04
CD3 pgiml
(b) Particles coated with CD3 pg/ml
0 11 23 10 20
T B W el
g - E 3.0k = )
3 LI 2
! e w0’ = ! - w' w” ! w' w’ w’ w' w' w’ ! " ! 2 !
FLZ-A - FITC-A FLZA - FITC-A FL2A FITC-A FLI-A 0 FITC-A “ " FLI-A I::‘I‘c-\n N N
CFSE [ histograms)
(©)
CD3 ug/ml optimisation on beads CD3 pg/ml optimisation on beads
100- 1.5+
]
o
o 804 ‘}
g 3
- =}
3 601 E
=
S 404 Z§
fug [a)
W2
[T
o
u T L] L] 1 u 1
0 10 20 30 40 0 10 20 30 40
CD3 ug/ml CD3 pg/mi

Figure 3.9 Optimisation of CD3 antibog for suboptimal T cell proliferation. Polystyrene
particles were coated with different concentrations of CD3 antib@aymL), and cultured with
CFSE labellédcells at 2:1 ratio (APC:T cells) for 5 d@y84FI value®btained by flow cytometry,
present paticles coated with CD3 antibodi@s various concentrationb) Histograms from one
of the donors represents T cgdroliferation in response to changing CD3 concentratiqny.
Summary graph from three donors presents CFSE % of divided cells and division index
Data presents mean+SD, n=3 biologically independent donors.
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Figure 3.10 Optimisation of CD28 and CD55 antibodies with constant QD8 3 K Y
induce maximal T celbroliferation response.Polystyrene particles were coated wit
different concentrations of CD28 and CD#&#tibodiesin the presence of 1 pg/ml CD:
antibody. ArtificialAPCsvere tested in 2D cultuewith CFSE labelledcdls at a ratio of 2:1,
and the data was collected on day 5 by flow cytomdtmandb) MFI values present particle
coated with various CD28 and CD55 antibedycentrations(c) Histograms present one
R 2 y 2 NI Proliferatior&dsporise to artificial RC with various estimulating antibody
concentrations (d and €) Summary graphs of CFSE % of divided cells and division
presented fromall three biologically different donors. Data presented here with meanz
n=3 biological independent donors.
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3.2.8.Modifying T cell function with different estimulating
signals in the peptidaydrogels

After production of new artificial AP€arrying 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 peptidehyd2 3Sf 4 Q FoAfAdGe (2 &dzZJI2NIL ¢

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 d@B&0]. 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 mamly to observe T cell
responses to the artificial APC in the absence of hydmgkire 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 eaplerenental
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 wxee visi
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 controlsgy 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 subptimal proliferation to CD3 and enhanced response to
CD28 and CD55 (Fig. 3.11. (d)). In additioR, wWR2y 2 NEQ ¢ OSffa |

CD55 with greater response than CD28 costimulation. In contrast to the 2D

(@p])
P

Odzf GdzNBxX Iff R2Yy2NBEQ OStfa aKz2eg L.
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 foleexpansion of the whole culture (including undivided cells) in
response to stimuli (Fig. 3.11. (e)). The summary graph indicates the increased T

cell proliferatim 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 costimulatoryleooles, but there were only
significantresults 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 dos, no statistical
significance was achieved.

¢KS adzLISNYFGFydGa FTNRBY GKS alyY$S SELISNAY
andlkmn OeG21AySasz (2 O2yFANXY RAFFSNBy
cells. Cytokine secretion data was presented frore 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

6L Cb -10) ydte detécted 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 pe&oth culture systems confirmed

/| 5Hy O2adAYdA  G2NB Y2t SOdz S& KIR 3INBI
than CD55. HLO was releasedt higher levels by T cells in the hydrogel under

CD55 costimulation than in 2D culture. In 2D culture, there was a small
RATFSNBYOS 06Si6SSy /5uy YR /5pp O2ai.
secretion. But the data itself confirms the-stonulatoryeffect on T cells, as

artificial APC with CD3 only caused the lowest level of two different cytokines

release.

In conclusion, ciimulation of T cells is feakbin the peptide hydrogel but
requires further optimisation of artificial APC suitable foc@Rure rather than

2D culture settings. In this case, further studies are continued with artificial APC
coated with high concentration (3@y/mL) of CD3 and CD28 antibodies in the

peptide hydrogel.
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