Investigating the role of tumowderived Interleukir85
in the regulation oM2 macrophage polarisation in
Head and Neck Squamous Cell Carcinomas

A thesis submitted to Cardiff University in partial fulfilment
of the requirements for the degree of

Doctor of Philosophy

CARDIFF
UNIVERSITY
PRIFYSGOL
(AERDYH
Septembe2022
\_/ Richard Ali
CA N C E R School of Dentistry
RESEARCH Cardiff University

WALES

United Kingdom



Richard Ali

DECLARATION

This work has not been submitted in substance for any other degree or award at
this or any othewniversity or place of learning, nor is being submitted concurrently
in candidature for any degree or other award.

Signed: 7"‘7/"“4 AL Date: 21/09/2022

STATEMENT 1
This thesis is being submitted in partial fulfilment of the requirements for the
degree of PB Philosophiae DoctpDoctor of Philosophy).

Signed: Juepurd AL Date: 21/09/2022

STATEMENT 2

This thesis is the result of my own independent work/investigation, except where
otherwise stated, and the thesis has not been edited by a third gaafyond what
Ad LISNXYAGGSR o0& /FTNRAFT | yAOSNERAGEQA

t 2 €,

Research Degree Students. Other sources are acknowledged by explicit references.

The views expressed are my own.

Signed: %%AJ AL Date: 21/09/2022

STATEMENT 3

| hereby give consent for my thesis, if accepted, to be available online in the

' YABSNBRAGEQA hLISyYy | OdufadydoanNdBd o the tile2aN®
summary to be made available to outside organisations.

Signed: Juferd AL Date:21/09/2022

STATEMENT 4: PREVIOUSLY APPROVED BAR ON ACCESS

| hereby give consent for my thesis, if accepted, to be available online in the

' YAGSNBRAGE QA h LISy | OdbtadyIoanshffel 8Xpiry ofl 2bsice
on access previously approvedny the Academic Standards & Quality Committee.

Signed: Juepusd AL Date: 21/09/2022

by R

by R

Cardiff University [1] School of Dentistry



Richard Ali

Acknowledgements

I would like to express my gratitude to my supervisorX@oging Wei and Dr Adam
Jones for your guidancexpertise,unwavering patience and understanding. | also
extend my gratitude to Dr Elaine Ferguson fooviding your timeand guidancel
would also like to acknowledge Cancer Research Wales for fundingmy

studentship.

I wish to thank all members of staff who taught and guided me both professionally and
personally especially during particularly difficult personal moments.fully
appreciate the experiences | have shared with friends and collelabage met

throughout this project, from whom | have learned a lot.

As a sufferer of chronic illness, | am particularly grateful for the support | have
received from Cardiff University and staff at the School of Dentistry. | will never
forget how understandinand gracious you have been in providing the time and

resources for me to complete my PhD whilst managing my symptoms.

Finally, I would like to thank my close friends and family for their support throughout
my PhD.

Cardiff University [ii] School of Dentistry



Richard Ali

Abstract

HNSCC is the & most common cancer worldwide. Despite advances in treatment,
responses to immunotherapies and overall survival remain unsatisfactory. Immunity
in the tumour microenvironment of inflamed HNSCC is often dysfunctional. Studies
have shown that necaophages therein exist preferentially in the M2 activation state,
which potently suppresses atimour immunity and promotes tumour
aggressiveness. To improve atmour immunity, it is important to identify novel
regulators of M2 macrophage polarisatiavhich could potentially be targeted for
immunotherapy.

Interleukin35 (IL-35) is an immunosuppressive cytokine overexpressed in cancers
that has been shown to reprogram immune cells to immunosuppressive phenotypes.
Limited information is present on exgssion of 11-35 in HNSCC and its role in M2
macrophage polarisation. Preliminary studies indicated that gene expressieB&of IL
subunits (EBI3 and p35) is low in HNSCC cell lines but becomes upregulated in
response to stimulation with pioflammatory cybkines, suggesting a potential
feedback response to atiimour immunity. This study aimed to further evaluate the
upregulation of 1L35 expression in HNSCC cells in response to inflammatory stimuli,
and investigate the potential role of HNS@€&rived IL-35 in the repolarisation of M1
macrophages to the prevalent M2 phenotype.

Stimulation of thenypopharyngeal carcinoma (FaDu) and oral carcinoma (H357) cell
lines, with | FNo and TNFU, e-B5eThesd eytkinase n e
concurrently upregulated expression 0f3% receptors in FaDu celld.-10 nor IL-

35 stimulation affectedL-35 endogenous gene expression. Using conditioned
medium (CM) from transfected FaDu cells that overexpres3bl(FaDulL -35), and
mixed culture with M1 macrophages, HNS@€rived 1L-35 was found to suppress
TNFU secr et i onroverexpMssihgr FaDu cellsBshaBved similar effects.
IL-35 overexpression did not downregulate expression of the M1 markerdDiRLA
(antigen presentatiorD80 or CD86 (T cell activation), nor did it upregulate M2
cytokines (I-:10, VEGFA), surface markers (CD206, CD163) or candidate TWa/
markers (PEL1, CD204, B7H4). Notably, FaDdL-35 CM downregulated PD1
expression in M1 macrophages, which may hawelications in responses to
immunotherapy. CM from p36verexpressing FaDu cells upregulated-1
secretion.

These studies suggest that inflammation may induce35ILexpression in
hypopharyngeal carcinoneells, and maylsoprime them to respond to eyenous
IL-35 to further increase expression.-3b produced may not repolarise M1
macrophages to M2, but may suppress inflammation and affect responsedto-anti
1/PD-L1 therapy. Further studies are required to confirm these findings, and to
evaluate potatial roles of individual 135 subunits in immunoregulation.
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This thesis focused on the potential roldraérleukin35 in the suppression of anti
tumour immunity in HNSCC by repolarising M1 macrophages, which are pro
inflammatory and function to support tumour cell elimination, to an-lik&
phenotype, that suppresses dathour immunity and promotes tumaooirogression.

This introduction provides a review of HNSCC, how HNSCCs evade host immunity,
tumour associated macrophage (TAM) biology and therapeutic targeting, and the
current understanding of 4B5 and its role in cancer. By evidencing that3f& can
swppress anttumour immunity via macrophage repolarisation, the thesis research
could implicate Il-35 as a novel target for immunotherapy, potentially improving poor

treatment responses and survival rates.

1.1 Head and neck squamous cell carcinomas (HNSCC)

Mucaosal head and neck cancers, 90% of which are head and neck squamous cell
carcinomas (HNSCC), represent the sixth most common cancer worldwide, with
approximately 600,000 new cases per y@my et al. 2018) The term HNSCC
describes a variety of cancers that originate from the transformation of cells that line
the surfaces (squamous epithelium) of anatomical sites within the head and neck
region. These include the oral and nasal cavities, the larynx anggh@&ollectively,
HNSCC has had a devastating impact on world health, accounting for 380,000
reported deaths per ye@ray et al. 2018; Sung et al. 2021; Sun et al. 20@®)ile
treatment options have improved over the last twenty years, patient survival rates
reman poor(Siegel et al. 2017; Siegel dt 2020; Sung et al. 202I)o improve this,

novel therapies are needed.

1.1.1 Anatomy

Head and neck cancers can be subcategorised by site of &igume( 1.1). These
include (1) nasal cavity and paranasal sinus carictrat originate from théollow
spaces found inside the nose, and thefilled spaces that surround the cavity,
respectively. (2) Oral canceiis originating from the lips, gingivae, retromolar
(mandible rear), anterior tongue, buccal mucosa, floor of the mouth and hard palate
(which incorporates the palatal part of the maxilla). (3) Pharyngeal canuedreh

initiate from three potential subsiteshe nasopharynx, found superiorly, which joins
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the oropharynx, and ends inferiorly at the hypopharynx. (4) Laryngeal camdach
represent the most inferior extent of HNSCCs.
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Figure 1.1 - Anatomy of the head and neck
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(Image adapted from (Cancer.gov, 2017)

1.1.2 Epidemiology and aetiology

Geographically, HNSCC incidence is high in areas including India, Bangladesh and
Australia (particularly oral cancer), France, Southern Africa and Central and Eastern
Europe. Regarding gender, incidence is higher in men (2:1) when compared to women
(1:4). Incidence is rising internationally, with nearly all countries demonstrating

increased human papillomavirus (HPV) associated oropharyngeal cancer incidence,
partly due to its increased recognition, as cancers of unknown origin are frequently
identified inthe oropharynxXFerlay et al. 2019; Johnson et al. 2020; Sun et al. 2022)

Aetiologically, over the last 30 years, HPV infection has become regarded as a major
risk factor for HNSCQSnijders et al. 1992; Haraf et al. 1996; Vokes et al. 2006)

all the HNSCC subtypes, HPV infection is most commonly associated with
oropharyngeal squamous cell carcinoma (OPS@@Gaturvedi et al. 2011Patients

with HPV-associated HNSCC are often younger,-sotokers, male and Caucasian.
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Prognostically, patients with HR¥ssociated HNSCC tenal exhibit more favourable
survival rates when compared to ARV HNSCC( D6 Souza et al . 200
2010; Benson et al. 2014)

Where HNSCC is not associated with HPV infection, tobacco and alcohol use are the
two main risk factorgSankaranarayanan et al. 1998; Pezzuto et al. 2@b%pking
tobacco (cigarettes, cigars or pipes) is associated wit2%%®increase in risk of
HNSCC diagnosis, where risk increases with the amount consumed. This may in part
be due to the DNAlamagng effects of polycyclic aromatic hydrocarbons (PAH) that
are present within these produ@®elboin 1980; Blot et al. 1988; Lewin et al. 1998;
Wyss et al. 2013)Alcohol consumption doubles the risk of HNSCC independently of
tobacco use, lualso has multiplicative effects when combined with tobacco
consumption(Hashibe et al. 2009; Dal Maso et al. 201®8}her aetiological factors

have also been reported. Chewing of betel nut is a rising epidemic in Asia aesl car

a 215 fold increase in risk of oral HNSC(Guha et al2014; Wang et al. 2018b)

Poor diet choices and oral health have also been attributed to an increased risk of
HNSCC(Goldenberg et al. 2004; Farquhar et al. 2017; Mazul et al. 2017)

1.1.3 Conventional treatment

For local primary tumours, treatment usually consists of surgical resection or
radiation, alone or in combination with chemotherapy as a radiosensitiser
(Karabajakian et al. 201.7Thegeneral aim is to remove as much of the tumour as
possible whilst preserving physiological function and quality of(Mao et al. 2007;
Rivera 2015)Where patients present with small primary tumours without lymph node
involvement, cure rates using these modalities are above1388et al. 2018b)

Most patients however, present with advanced recurrent/metastatic (R/M) HNSCC
(Foster et al. 2018For R/M disease, cases where the tumour has spread outside the
confines of the lymph node (extranodal), or where there is involvement of the surgical
margin, systemic platinusbhased chemotherapy is employed in combination with the
antrEGFR (epidermal gmwth factor receptor) antibody cetuximab. Though, due to
resistance, response rates remain dismal, with a median overall survival (OS) of 10.1

months and a high relapse r&layaram et al. 2016)ntil 2016, this washe standard
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course of treatment. It was at this time where the application of immunotherapies

changed the landscape of HNSCC treatment.

1.1.4 Immunotherapy

HNSCC is among the most inflamed cancers, with tumours often containing a high
number of immune cell@VMandal et al. 2016)The immunogenicity of tumour csll

can arise from neoantigen formation. Neoantigens can originate from mutated
proteins, overexpressed native proteins, or the elevated presence-oeiHad viral
antigens (E6 and Ef{Lawrence et al. 2013; Parfenov et al. 20Chabanon et al.
2016; Zolkind et al. 2018)rhese neoantigens are recognised by the immune system,
resulting in the recruitment of immune cells and anmiour response. However, a
hallmark characteristic of malignant tumours, is that they cottanour cells which

can escape detection and/or elimination from the immune system (immunotolerance),
which promotes accelerated cancer progression. Immunotherapies are designed to
break this immunotolerance, reversing the underlying mechanisms in order to
strengthen the host asitimour immune response. Advances in such therapies have
revolutionised the treatment of R/M HNSCC.

1.1.4.1 Immune checkpoint inhibitors

The immunotherapy revolution began with the identification and targeting of immune
checkpoint proteinsl mmune checkpoints are dAbrakebo
protect the host from chronic inflammation or autoimmunity. For effector T cells to
become fully activated, they first use the T cell receptor (TCR) to recognise their
cognate antigen, which is bouimda complex with Major Histocompatibility Complex

(MHC) molecules (Human Leukocyte Antigen (HLA) in humans) on the surface of an
antigen presenting cell. A second activation signal is then required. This can be derived
from expression of catimulatory nolecules such as the B7 genes CD80-{B0r

CD86 (B*2), which interact with CD28 molecules on the engaged T cell to send

activation signals that lead to effector T cell functionality and tumour cell elimination.

Immune checkpoints carry out the revefgection of these cactivator molecules.
Instead of activating T cell responses, they instead inhibit them. Immune checkpoint
proteins interact with molecules on T cells. This sends inhibitory signals that are

transduced by the T cell to attenuate or pr#vtheir activity. Thus, in cancers
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including HNSCC, overexpression of these proteins describes a mechanism by which
tumour cells can negate attimour immunity(Mei et al. 2020)

The most studied immune checkpoint in HNSCC involves the Programmed cell death
proteinl/programmed deatligand 1 (PD1/PD-L1) axis. PD1 is a transmembrane
protein belonging to the CD28 family of receptors. It isregsped on the surface of
cytotoxic CD8+ T cellgFerris 2015; Green et al. 202Q@verexpression of its cognate
ligands, PBL1 and PDL2, has frequently been observed in HNSCC, withlAD
overexpressedn 60-70% of HNSCCs, most commonly when there is HPV
involvement(Lyford-Pike et al. 2013; Zandberg and Strome 20Td)nour cells can
overexpress PID1 as an adaptive response to inflammation (particularly in response
to interferon o (1 FNbooncogereiactvitfRaprajaloamg o r
Azuma 2015; ConchBenavente et al. 2016)

Overexpression of PID1 enables CD8+ T cells that engage with tumour cells via
antigen recognition, to facilitate PDPD-L1 interactions. These send inhibitory
signals that prevent T cells from killing the tumour ¢8llinshine and Taube 2015)
Thus, by targeting this axis therapeutically, cytotoxic T cell function may be restored.
Development of monoclonal antibied that block the PQ2/PD-L1 axis was a major
breakthrough in immunotherapy, and later led to two drugs being approved by the
FDA (Food and Drug Administration) for the treatment of HNSC@volumab and

pembrolizumab.

Nivolumab was the first anfPD-1 aent to improve overall survival in
recurrent/metastatic (R/M) HNSCC. This was based on findings from the Checkmate
141 clinical trial, where patients with platinamfractory HNSCC were shown to have
reduced risk of death and improved overall survival whizolumab treatment was
used versus standard chemotherapy (7.7 months and 5.1 months, respéEawuety)

et al. 2016; Ferris et al. 2018)

Pembrolizumab is the other major aRD1 drug approved for HNSCC treatment.
Initially, findings of the Keynote @0 trial demonstrated that, in patients with R/M
HNSCC whose disease recurred or progressed afésiops standard treatment,
median overall survival was improved to 8.4 months when patients were treated with
pembrolizumab versus 6.9 months with standard chemoth€Caghen et al. 2019)

Later, data from the Keynot@48 tial led to the approval of pembrolizumab as airst
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line monotherapy for R/M HNSCC that overexpressIBDThis trial showed that, in
HNSCC patients with a high percentage of-PDexpressing cells (in both tumour
and immune cells), pembrolizumab monotipgtaor when applied in combination
with platinumbased chemotherapy, significantly increased median overall survival

with less toxicity when compared to standard treatr(@mtiness et al. 2019)

While improvements in survival were achieved, a drawback to these drugs is that most
patients do not respond, or acguiresistance which prevents the durability of
responses. To improve this, many other approaches have been explored. Other
immunotherapeutic modalities are detailed in the following sections. As it pertains to
PD-1/PD-L1, using the aforementioned drugs onthination with alternative drugs is

a commonly employed method. Pembrolizumab was found to be more effective when
used in combination with other therapi{@urtness et al. 2019As such, additional

trials are being performed which involve the use of pembrolizumab in combination
with radiotherapy and chemotheradCT02641093, colonystimulating factor
receptor kinase inhibitorsNCT02452424 and histone deacetylase inhibitors
(NCT02538510. Nivolumab is also being assessed in combination with other
treatments such as HPV vawes(Massarelli et al. 2019nd radiotherapyMcBride

et al. 2021) Aside from nivolumab and pembrolizumab, alternative adtdx)
including durvalumab (anttD-1) and avelumab (arBD-L1), are also being
evaluated in clinical trials for HNSC@Vang et al. 2021)

CTLA-4 (Cytotoxic FLymphocyte Associated Protein 4) is another immune
checkpoint protein implicated in HNSCC. It is expressed on the surface of regulatory
T cells (Tregs) and activated CD4+ and CD8+ T cells. When CD4+ T cells bind to
antigen presenting cells (APCs) via aeigMHC/TCR interactions, T cells can
transduce activation signals from CD28, or inhibitory signals from GZ#LXhich

of these signals predominate depends on interactions with their shared binding
partners- the B7 molecules CD80 and CD86. How this is fetpd is not fully
understood, but CTLA! can bind to B7 molecules with higher affinity than CD28.
Inhibition of T cell activity that results from CTL-A/B7 interactions can be beneficial
when preventing autoimmunity. In cancers such as HNSCC however,-@T4 éften
overexpressed, leading to an accumulation of exhausted T cells that cannot eliminate

tumour cells. To favour inhibitory CTLA activity over CD28 interactions, tumour
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cells or resident regulatory T cells secrete MF ( Tr ansf ormirndg)gr ow
which promotes CTLA4 overexpression in stimulated T cgl8ullivan et al. 2001;

Wing et al. 2014; Rowshanravan et al. 20IB)emelimumab and ipilimumab are
antibodies developed against CTHAthat are currently in clinical trials for the
treatment of HNSC(Siu et al. 2019; Ferris et al. 2020; Wang et al. 2021)

1.1.4.2 Adoptive T cell Transfer

Adoptive T cell transfer is an alternative immunotherapeutic method that aims to
increase the number of activated T cells that can attack tumour cells in the patient. T
cells are first isolated from surgically removed tumour tissue or peripheral blood. Ex
vivo, extracted T cells are then activated and expanded. These T cells are finally
reinfused back into the patient, where they assist in tumour cell elimination.
Oftentimes, the activity of adoptive T cells can be negated by tumour
microenvironments thatr@ immunosuppressive. To combat this, isolated T cells can
be genetically engineered. Genetic material is added to promote expression of T cell
receptor chains that have a greater affinity to turassiociated antigens, or express

chimeric antigen recept®(CAR).

Cells that express CAR receptors are termed JAgells. The CAR receptor is a
synthetic peptide that contains three modulas extracellular antibody domain with

a high specificity and affinity to a particular tumour antigen, a transmemboamesr]

and an intracellular -Eell signalling domain, that transmits strong activation signals.
These domains enable reinfused T cells to target specific tumour cells, engage with
high affinity, and become strongly activated. T cell activity then functiossipport
tumour cell elimination. This approach is particularly useful in tumours that have
developed mechanisms to restrict antigen presentation, as CAR receptors are able to
bind intact surface antigens and become activated without the neeestomatatory
signals. A drawback however, is that this restricts CIAéells to target tumour cells

that express intact surface antigéilkalos and June 2013; Fesnak et al. 20¥@&)ile

CAR-T cells have been shown to be effective in treating haematological malignancies,
they have yet to shosuch promise in solid cancers including HNS@a@nnng et al.

2019; Feins et al. 2019; Chen et al. 2021)
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1.1.4.3 Targeting immunomodulators

Other target molecules that regulate the immune system have been targeted for
HNSCC immunotherapy. Drugs developed include the IDO1 (Indoleamine 2,3
Dioxygenase 1) inhibite@ navoximod and epacadostat. IDO1 and IDO2 are
immunosuppressive enzymes that are overexpressed in some HNSCCs. They help
catabolise tryptophan into immunosuppressive catabolites such as kynijtemiee

al. 2021) IDO overexpression is associated with T cell inhibition and poor patient
prognoses(Godin-Ethier et al. 2011; Liu et al. 2018a;dndergast et al. 2018)
Inhibitors developed against IDO enzymes have shown promise in HNSCC treatment
(Mitchell et al. 2018; NayakKapoor et al. 2018; Prendergast et al. 2018)
Alternatively, TLR8 (ToltLike Receptor 8) agonists, which function to potently
stimulate the artiumour ativity of immune cells, have also shown prom{g¢ang

et al. 2021)

1.1.4.4 Cancer Vaccines

Cancer vaccines serve to immunise patients with tumour antigens to intease
number of functional CD4+ and CD8+ T cells that specifically target and eliminate
tumour cells. Prophylactic vaccines are used for disease prevention, working by
inducing humoral (antibodynediated) responses that protect the host from tumour
occurrerge. Therapeutic cancer vaccines treat existing tumours by stimulating cell

mediated (adaptive) immune responses against tumou\dészbicka et al2014)

Therapeutic vaccines generally contain peptide epitopes belonging to specific tumour
antigens known to be expressed in tumour cells detected in the patient. These vaccines
are infused into the patient, where they are detected and capturecdiglispd
antigen presenting cells. Dendritic cells (DC) are crucial APCs for presenting tumour
antigens to cytotoxic T cells. DCs process captured tumour antigens into short peptide
epitopes. They carry these antigens to lymphoid organs, where theyt prasgenic
epitopes on their surfaces in association with MHC molecules. Exogenous antigens
are normally presented by APCs bound to MHC Class Il molecules, which allows
engagement with specific TCRs and subseql
and L-12 produced by the DCs polarise the naive CD4+ T cell to the Thl lineage
(Type 1 T helper cells). Now active, these cells produce cytokines to help activate
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CD8+ T cells, and travel to the tumour, where they enhance immune responses by
producing preinflammatory cytokines. DCs can also present exogenous tumour
antigens to naive CD8+ T cells via crgggsentation. CD8+ TCR engagement with
MHC I/antigen complexes results in cell activation and differentiation into cytotoxic
CD8+ T cells. These cells use MH/antigen recognition to specifically target tumour
cells. They then eliminate them via cytokine secretion, perforin or granzyme release.
Alternatively, vaccines may promote T cell differentiation into memory T cells, which
provide protection from tumouecurrenceKigure 1.2) (Shibata et al. 2021; Sun et
al. 2022)
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Figure 1.2 Tumour killing by cancer vaccines.

Vaccines containing tumour associated antigens are infused into patients. These are captured by der
which crosspresent tumour antigens to naive GD8 cells. Upon engagementhey are activated a
differentiate into cytotoxic T cells that kill tumour cells, or memory T cells, which protect the host fromn
tumour formation. Adapted froifBun et al. 2022)

Cancer vaccines can be developed using several platforms includibgeedl, gene
based or protein/peptideased vaccines. Cddlased vaccines use tumour cells from
the patient, or tumour cell lines or lysat&hese contain tumour antigens that are not
overexpressed in normal cells. They are exposed to autologous dendritic-e@ls, ex
which when ranfused into patients, present tumour antigens to naive T cells.
Autologous DC vaccines can be derived as sochy loading them directly with

specific tumour antigens prior to-nefusion. The advantage of this is that they
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immediately present tumour antigens in the host without the need for antigen capture
and processin@De Gruijl et al. 2008; Tagliamoatet al. 2014)

Genebased vaccines include DNA and RNA vaccines. These involve the delivery of
plasmids containing genes that encode specific tumour antigens. When infused into
the patient, they are captured by DCs. DCs then overexpress the tumour antigen,
process it imh epitopes and present them to naive T ¢Blsbata et al. 2021)

Peptide vaccines generally involve the infusion of synthetic long peptides that come
from specific tumour antigens. These aretesgr, processed and presented by DCs.
Peptide vaccines are the most commonly used cancer vaccine modality as they are
deemed safe and easy to store lemgn (Rosalia et al. 2013; Li et al. 2017; Bezu et

al. 2018; Shibata et al. 2021; Sun eRéR2)

For HNSCC, prophylactic vaccines have been Fipfroved. Gardasil and Gardasil

9 are prophylactic vaccines derived from HPV particles which are used in the
prevention of oropharyngeal and other HBSsociated HNSCCs. These vaccines
enable the gaaration of neutralising antibodies that target and prevent infection from
HPV 6/11/16/18 Gardasil,or HPV 6, 11, 16, 18, 31, 33, 45, 52, and G&rdasil 9.

While preventative, the antibodies these vaccines produce cannot access intracellular
HPV antigess in patients already diagnosed with HPV+ HNSCC, and so efforts have
been made to develop therapeutic vacc{mea Witzleben et al. 2020)

Many therapeutic vaccines have been or are being investigated in clinicalStals

et al. 2022) Though, despite the potential of these novel approaches, no therapeutic
peptide vaccines have been approved for clinical use in HNSCC treatment. Therefore,
there is a requirement for novel immunotherapies that may improve overall survival
in HNSCC patiets. To develop such therapies, there needs to be a greater

understanding of how tumour cells dysregulate immune cells in the HNSCC TME.

1.2 Cancer and the Immune System
1.2.1 History

The relationship between tumour cells and the immune system is complex. Today, it
is understood that the host immune system can act as a-a@olgigleé sword, able to

detect and eliminate tumour cells, but also protect them and promote cancer

Cardiff University [17] School of Dentistry



Richard Ali Chapter 1

development. The investigations leading to this consensus are long and somewhat

controversial, ando only the major findings will be reviewed here.

Early studies by Paul Ehrlich suggested that the growth of carcinomas could be
inhibited by the host immune systéEhrlich 1909) Though, due to a lack of relevant
biological nodels at the time, experiments to evidence this could not be performed.
Over the course of the following century, this would be resolved as inbred mouse
strains became available. Syngeneic transplantation studies using these mice indicated
that tumour ceff can express antigens which are able to trigger immune responses
(OldandBoyse 1964) Thi s | ed Burnet and Thomas to
i mmunosurivtehiel liadnecae @l d@me n dié mty mucasiTicedls) ( now |
can act as sentinels, patrolling tissues of the body to seek and destroy newly
transformed cells that express these antigBnsnet 1964; Burnet 1970However,
thevalidity of this concept came under challenge, as later experiments using athymic
mice, thought immunologically deficient, produced results that suggested the immune
system had no role in the regulation of can&utman 1974; Stutman 197%s a
consequence, the theory of immunosurveillance wasdidned. It was not until later,
following improvements in mice genetics, when it became understood that athymic
mice still possessed natural killer (NK) cells and a small number of functional T cells.
Therefore, anttumour responses were still possibéed this cast doubt over the
conclusions drawn from these experimef(iisehara et al. 1984; Maleckar and
Sherman 1987)

I n t h e thelavaflabilitysof immunologically deficient mice led to a resurgence

in the investigation of cancer immunosurveillance. Key experiments used mouse
strains lacking expression of recombinatamtivating genes (RAG/RAG-2),

required for the generation afiature B, T and natural killer T cel{Shinkai et al.

1992) Following chemical induction of tumour formation, RAdeficient mice
displayed an earlier occurrence and increased frequency of spontaneous tumours when
compaed to wildtype, agenatched mic€Shankaran et al. 20Q1hus, these results
confirmed that the immune system can contribute to the elimination of tumour cells.

It was these findings that led to the theory of cancer immunoed@ungn et al. 2002;

Dunn et al. 2004)
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1.2.2 Cancer Immunoediting

Cancer immunoediting describes three phases (Elimination, Equilibrium and Escape),
whereby nascent tumours that are initially targeted by the immune system, develop
mechanisms that enable them to escape immunosurveillance, and manipulate immune

cells to ppmote immune suppression and accelerate tumour development.

Elimination broadly describes the immunosurveillance paradigm, where newly
transformed cells expressing higffinity neoantigens are detected and destroyed by
cells of the immune syste(@unn et al. 2004; Mittal et al. 2014)ess immunogenic
tumour cells an survive Elimination and proceed to the Equilibrium phase. Here,
tumours are held dormant as tumour cell outgrowth is modulated by the immune
system. Constant exposure to immune cells and cytokines creates a selective pressure
ontumourcells,causingsee cel | s to adapt. These tumo.l
immune cells around them, acquiring traits that inhibit immune cells from detecting

or eliminating them. The balance between tumour cells that are successfully controlled
by the immune system, arttie development and outgrowth of immunotolerant
subclones, describes Equilibrium. This state of tumour dormancy can last for several
years(Koebel et al. 2007; Eyles et al. 2010; Teng et al. 2012; Wu et al..2013)

Eventually, tumours can progress to Escape. Here, positive selection leads to the
accelerated outgrowth of tumour subclones that possess mechanisms which allow
them to escape immunosurveillance. Multiplication of these subclones within the
presence of immune cells tsato the formation of clinically detectable tumour masses
(Dunn et al. 2004)

1.3 Immunoediting and escape in HNSCC

Several studies have evidenced the existence of immunoediting in HNSCC. Reports
have shown that, when compared to healthgividuals, there is an increased
incidence of HNSCC in immunocompromised individuals, such as those infected with
human immunodeficiency virus (HIV), or immunosuppressed recipients of
transplantatioriBhatia et al. 2001; Haigentz 2003his supports the antiimour role

the immune system plays in preventing HNSCC formation. However,
immunocompetent HNSCC patients commonly present with tumours that contain a

high number of immune cells. Yet, these cells have a reduced capacity to eliminate
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tumour cells(Mandal et al. 2016)Tumour cells facilitate this by employing Escape
medanisms. Several mechanisms have been described for HNSCC. These can
broadly be categorised into three groups: (1) defects in antigen presentation, (2)
overexpression of immune checkpoint proteins and (3) development of an

Immunosuppressive tumour microémmnment (TME).

1.3.1 Immune escape via defective antigen presentation

Effector CD8+ T cells target tumour cells via recognition of specific antigens that are
expressed on their cell surface bound to HLA/MHC | molecules. Once engaged, the
cytotoxic activity ofthe T cell eliminates the tumour cell. HNSCC cells can evade
detection by downregulating expression of the tumour antigen, preventing
presentation of the antigen via downregulation of HLA/MHC | expression, or by
altering expression or the activity of thetigen presentation machinery (APM). This
machinery contains proteins that process tumour antigens into short peptides, and that
load these peptides onto HLA Class | molecules, which are then translocated to the
cell surface for recognition by CD8+ T cells

APM defects in HNSCC include the dysregulation of LMP2 and LMP7 -(low
molecularweight protein 2 and 7), which are members of the anfgeoessing
proteasome complex, tapasin and TAP1 (transporter associated with antigen
processing gene 1) ofthetrtne c at i on machinery, a+#d mut a
Microglobulin) subunit of the HLA/MHC | complefFerris et al. 2005; Ferris et al.

2006; LopezAlbaitero et al. 2006; Seliger et al. 2020he consequence of these

defects is the reduced expression of HLA/MHC | and bound antigens on the cell
surface. Tierefore, these tumour cells use these mechanisms to escape detection and

elimination by CD8+ T cells.

It is important to note that complete loss of HLA/MHC | expression would normally
provide a strong stimulus for the activation of NK cells, which inwwald eliminate

the tumour cel(Ljunggren and Kéarre 1990HNSCC cells bypass this by promoting

the downregulation, but not complete absence, of HLA/MHC | expreg5emis

2015) These mechanisms therefore enable HNSCC cells to escape the cytotoxic
activity of both CD8+ T cells and NK cells.
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1.3.2 Immune escape via overexpression of immuencheckpoint proteins

As previously described, T cells that engage with tumour cells via antigen presentation
require cestimulatory signals to promote their expansion and activity. Immune
checkpoint proteins act as-gthibitory signals, preventing or attuating the activity

of bound T cells. The most studied immune checkpoints that are overexpressed in
HNSCC include PEL, PDL1, and CTLA4 (reviewed above). Overexpression of
checkpoint proteins by tumour cells or immune cells in the HNSCC TME thus
supprases the ability of the immune system to eliminate detected tumour cells, and

can also result in an abundance of dysfunctional T cells.

1.3.3 Immune escape through development of an immunosuppressive TME

In an inflamed TME, tumour cells can alter the behavimiucells around them to
sculpt an immunosuppressive microenvironment. To facilitate this, tumour cells
produce chemokines that recruit immunosuppressive cells, secrete cytokines that
either negate the activity of asitimour immune cells, or reprogram then such a
manner that they instead function to suppress immgwityiteside 2002; Ferris et al.
2006; Zandberg and Strome 201BYy creating an TME with cells and mediators that
negate anttumour immunity, tumours can evade immunosurveillance, but also
become resistant to immunotherapies. Thus, to improve immneragties, it is
important to better understand the immune components of the HNSCC TME and how

they are regulated.

1.4 The HNSCC tumour microenvironment (TME)

Cancers are no longer viewed as a bulk of accumulated tumour cells, but rather a
complex ecosystem ctaining tumour cells and a plethora of additional cell types and
structures that together form a selffficient entity known as the tumour
microenvironment. Cells found include nronmune types such as fibroblasts.
Fibroblasts are important as they pravigrowth factors and promote metastasis via
matrix remodelling. They also promote blood vessel formation, providing oxygen and
nutrient supplies. However, immune cells in the TME are of high importance as it
pertains to tumour development and immunothef&®gytanova et al. 2019; Baghban

et al. 2020)
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The HNSCC TME can be heterogenous, which may affect responses to therapy.
Generally, TMEs have been classified into three groups based on their immunological
profile. (i) 0 hoTheése are richiimpfolfleanmataly cytakinee u r s
and effector i mmune cells such as CDS8+
noninflamed tumours. These contain a paucity of the aforementioned immune cells,
but a high density of immunosuppressiggtokines and immune cells such as
regulatory T cells and myeloid derived suppressor cells (MDSCs). (iii) Immune
deserted tumours. These generally lack immune cells. HPV+ HNSCCs are often
inflamed but contain an array of dysfunctional or immunosuppressiveine cells

that do not eliminate tumour cells, and may contribute to immunotherapy resistance
(Allen et al. 2015; Chen and Mellman 2017; Truijillo et al. 2018; Canning et al..2019)
By understanding the regulation of the immune cells in the HNSCC TME, new and
effective immumtherapies can be developed. A summary of the immune cell
constituents in the HNSCC TME, and their prognostic significance, is given below.

1.4.1 Innate immune cells

Neutrophils are recruited as early responders to nascent tumour cell formation. They
use chemotdic signals to migrate from the bloodstream into the tumour. Here,
depending on the nature of the cytokine milieu, neutrophils can exhibit polarised
functional states broadly categorised as N1 or N2. N1 neutrophils antagonise tumour
development, using mbeanisms including tumour cell phagocytosis, production of
antimicrobial products and enhancement of immune responses through secretion of
pro-inflammatory cytokines. Conversely, N2 neutrophils support tumour development
by promoting genetic instability, ngiogenesis and immune suppression. High
densities of neutrophils, regardless of polarisation state, have been associated with
poor HNSCC prognoses. Though, to better understand the role of these neutrophils,
studies may benefit from the identification bfomarkers that can be used to
subclassify N1 and N2 neutrophils\ivo (Dumitru et al. 2013; Zhang et al. 2016b;
Masucci etal. 2019)

Natural killer cells are cytotoxic cells of the innate immune system that play an
important role in tumour elimination. Within tumours, they detect and eliminate cells
under stress that do not express HLA Class | molecules on their sédiaigonally,

they enhance immune responses by producingnbl@mmatory cytokines. Clinically,
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high densities are associated with better overall survival, which is in line with their
inflammatory and cytotoxic functions. Nevertheless, in some casehéweybeen
shown to exhibit altered functionality, whereby they can suppress immunity and
promote tumour development. How the NK phenotype can be regulated in the HNSCC
TME requires further investigation before their impact can be fully ass@gsedial

et al. 2016; ConchBenavente et al. 2018; Wondergem et al. 2020)

1.4.2 Adaptive immune cells

Naive CD8+ T cells are activated in lymph nodes following engagement with their
cognate antigen and subsequent cytokine stimulation. Once activated, they
differentate into memory or cytotoxic T cells that circulate and enter the tumour
tissue, seeking and destroying resident tumour ¢&tlang and Bevan 2011pue to

their cytotoxic nature, like NK cells, they are regarded key players in theuardiur
response. Many reports have associated high CD8+ T cell infiltrates with improved
survival in HNSCC (reviewetly (Wondergem et al. 2020)However, density alone
does not give a clear picture of their role, as their functionality can be inhibited by

immunosuppessive cells and cytokines in immunoedited TMEs.

CD4+ T cells are a heterogeneous cell type. When activated, naive CD4+ T cells
differentiate into effector cells that are categorised into various subtypes. These
include, Thl (T helper type 1), Th2, Th9,IIh) Tregs and follicular T cel(&im and

Cantor 2014)This heterogeneity creates a degree of complexity when evaluating the
prognostic effect of infiltrating T cells idefied using CD4+ staining. This is evident,

as studies have reported contrasting associations between CD4+ density and patient
prognosegWondergem et al2020) As their functions vary, use of biomarkers to
differentiate between subtypes may be beneficial. Regulatory T cells can be identified
using CD4+ and FoxP3+ (Forkhead box P3) double stafkimy and Cantor 2014)

Within the TME they function as potent suppressors oftantiour immunity. Hence,
metaanalyses have shown that in several cancers, high densities of FoxP3+ Tregs are
associated with disease progression and poor survival. In HNSCC however, several
repots have suggested that high CD4+ FoxP3+ Treg densities are associated with
better overall survival. It is not yet understood why this oc@asloual et al. 2006;

Liang et al. 2011; Shang et al. 2015; Seminerio et al. 2019)
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B cells are a key part of the adaptive immune response against tumours. When mature,
functional B cells that infiltrate intdve tumour produce antibodies. These antibodies
bind onto tumour cells and label them for eliminaiibeola et al. 2008)Accordingly,

B cells that facilitate this are regardechdly, as they oppose tumour development.
Nonetheless, B cell function can be edited within the TME. A cytokine milieu that is
strongly immunosuppressive can reprogram B cells into regulatory B cells (Bregs).
Bregs can perform immunosuppressive functiansluding the secretion of anti
inflammatory cytokines, inhibition of Th1/Th17 differentiation, and the promotion of
tumourpromoting Th2 and FoxP3+ Treg differentiati@avrielatou et al. 2021As

B cellphenotype can vary, the overall association between B cell density and HNSCC

prognoses is not yet cle@iondegem et al. 2020; Gavrielatou et al. 2021)

1.4.3 Myeloid cells

Myeloid cells that infiltrate the HNSCC TME include dendritic cells, MDSCs and
macrophages. Myeloid dendritic cells circulate through the bloodstream and migrate
into tumour tissue, where thegut capture and internalise tumeagsociated antigens.

They transport these antigens from the tumour site to the draining lymph nodes.
During transport, myeloid DCs undergo maturation, upregulating genes such as CD80,
CD86 and MHC I, which enables thempoesent captured antigens to naive T cells
and subsequently activate them. These activated T cells then migrate to the tumour
tissue, where they help to eliminate tumour cells. Studies in HNSCC have shown that
high densities of myeloid DCs in the TME aassociated with high lymphocyte
infiltrates, lower rates of both metastases and tumour recurrence, and increased
survival (Gallo et al. 1991; Goldman et al. 1998)lore recent studies have also
supported these findys (Karpathiou et al. 2017; Jardim et al. 2018)

However, in tumours with an abundance of immunosuppressive factors, DC function
can be edited. These factors can préavDC maturation and their ability to present
antigens. This leads to the accumulation of immature DCs in tumours which, instead
of repressing tumour development, assist in promoting it, through mechanisms
including the secretion of additional immunosiggsive factorg¢Gabrilovich 2004)

It is unsurprising therefore, that some reports associate high myeloid DC infiltrates
with poor prognoses in HNSC@Vondergem et al. 2020 hese conftiting findings

may be in part due to the opposing roles of mature and immature dendritic cells, but
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could also be affected by patient heterogeneity and differences in the TME between
HNSCC subsites.

Infiltrating MDSCs are potent suppressors of @umthourimmunity. They inhibit both

the innate and adaptive immune systems by secreting immunosuppressive cytokines
(Almand et al. 2001; Ostraridosenberg and Sinha 2009)igh densities have been
described in HNSCC when compared to normal mu¢Bsaet al. 2016; Ma et al.
2017) and their accumulation has been correlated with high clinical stage and
pathological gradgMa et al. 2017) Aside from the myeloid cells mentioned,
macrophages and their role in HNSCC immunity represents a naajarfphis thesis.
Therefore, a more extensive review of macrophages and their role in HNSCC is given

below.

1.5 Macrophages
1.5.1 History

Macrophages are large phagocytes that are integral to the immune system. The term
macrophage (MO) was introduced foll owing
In these experiments, he demonstrated the ability of digestive cells to ingest foreign
materal (Metschnikoff 1878) He later described these cells as phagocytes
(originating from the Greek words fdAphago
cell) (Metschnikoff 1884) These phagocytes were slassified as macrophages (big

eater) and microphages (small eater) (now known as neutrophils). In his seminal work,

he also showed that macrophages use phagocytosis to contribute to host immunity
against pathogens, but also to perform scavenger fundtidghe devouring and

removal of dying/dead cel({®1etschnikoff 1887)The importance of these findings in

the field of immunology were later recognised, as Metschnikoff was granted the Nobel
Prize in 1908, and is considered the father of innate immuy@tyrdon 2008;
Kaufmann 2008)

1.5.2 Ontogeny

Over the last decade, the field of macrophage ontogeny has developed substantially.
Macrophages, circulating monocytes, dendritic cells and bone marrow precursors

make up the mononuclear phagocyte system (M#8posed by van Furth and
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colleaguegvan Furth et al. 1972; Taylor and Gordon 2003)e traditional view of

the MPS suggested that bone marrow precursor cells give nsertocytes, which
migrate from peripheral blood into tissues. It is here they differentiate into-tissue
resident macrophages. Thus, the prevailing dogma was that circulating monocytes act
as reservoirs of cell precursors, readily replacing tissue macraptizgehave died

(van Furth and Cohn 1968)

In more recent times, accumulating evidence challenged this perception. Fate mapping
studies elucidated that tisstesident macrophages describe a distinct cellular entity
present before birth, which originate the yolk sac during early haematopoiesis.
These cells also demonstrate the capacity forrealfwal, used to maintain their
numbers in tissues of adults. This therefore negated the idea thatréisslent
macrophages require replenishment from cirtudaimonocyte precursofSchulz et

al. 2012; Sieweke and Allen 2013t is now understood that tissvesident
macrophages can be sourced from either, yolk sac progenitors, foetal liver monocytes
or infiltrating bone marrowderived monocyte§Schulz et al. 2012; Gomez Perdiguero

et al. 2015)

1.5.3 Macrophage activation

As it pertains to monocytderived macrophages, monocytes are first recruited to sites
of tissue damage or iaimmation, such as tumours. Here, they differentiate into
macrophages. The phenotype and function (known as the activation state) of these
macrophages can differ depending on the nature of their environmental cues.
Furthermore, macrophages display funatioplasticity, that is, their activation state

is not fixed and can change dynamically in response to alterations in the nature of the
surrounding cytokine signaj&ordon 2003; Mosser 2003; Auffray et al. 2007; Benoit

et al. 2008)

A large body of research has attempted to subclassify the activation states a
macrophage can undertake. Two polarised activation states were first edstib

and M2, also known as classically activated and alternatively activated macrophages,
respectively. These terms were coined from early studies by Nathan and Gordon. They
observed phenotypic differences in macrophages that were treated with intedleuk
(IL-4) , when compar ed t o t hat foll owi
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lipopolysaccharide (LPNathan et al. 1983; Stein et al. 1992; Martinez and Gordon

2014) IL-4st i mul ated macrophagesi weelrye adcetsicvrat
whereas those stimulated with IBMnd LPS were termed o6cl a
More recently, the term classically activated macrophages has been broadened to
describe those stimulated by IFNand/or agents that trigger tdilke recepto

activation.

M1/M2 nomenclature was later introduced by Mills. This was based on the Th1/Th2
helper T cell paradigm. Th1 cells produce-prilammatory cytokines such as IBN
whereas Th2 cells secrete aimfilammatory cytokines including # and IL-13
(interleukin13), each promoting M1 and M2 macrophage activation states,
respectively (Mills et al. 2000) Beyond these classifications, a third set of
nomenclature was devised by Mantovani. This disregarded the notiomettraphage
activation states were binary and purported a spectrum of different activation states.
Classically activated macrophages (via treatment witholeNd LPS or tumour
necrosis factor alpha, TNIF were termed M1. Alternatively activated macrophages
induced by IL-4/IL-13 were termed M2a. Those activated by engagement of Fc
(fragment crystallisable) receptors with immune complexes were named M2b. Finally,
macrophages stimulated with-I0, TGl and gl ucocorticoids we
(Gordon 2003; Martinez et al0@8). Other classifications were suggested after this,
such as that made by Joshi, who defined M1 and M2 polarisation based the phenotype
of cells that were stimulated by the growth factors granulemxyterophage colony
stimulating factor (GMCSF) and macrophageplony-stimulating factor (MCSF)
respectively(Joshi et al. 2014)

Currently, it is generally believed that macrophage activation states represent a large
spectrum of phenotypes in which M1 and M2 represent inflammatory and anti
inflammatory extremes, respectively. Phenotypes that exist betwes dkiremes

are thus described as Mike, M2-like or an M1/M2 hybrid state.

1.5.4 Macrophage functions

M1-like macrophages are activated by Thl-debk r i ved | FNo, TNFU an
toll-l i ke receptors. The | FN2 si gnadrface,s tr al
resulting in the increased activity of the downstream transcription factors STAT1
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(signal transducer and activation of transcription 1) and IRF3 (interferon regulatory
factor 3)(Biswas and Mantovani 2010; Xue et al. 20IH)ese transcription factors
increase the expression of genes that promote th@fmomatory phenotype of M1

like macrophages. The functions of MEe macrophages include, the abilityuptake

and eliminate foreign material by phagocytosis, and to present captured exogenous
antigens via upregulation of MHC Il expression. They promote T cell activation via
expression of the estimulatory molecules CD80 and CD86. They also secrete pro

inffl ammat ory cyt oki-&(mnterleskin@) and hisb T(NFnlt,e rllLe u Kk i
which enhance immune responses, and reactive oxygen and nitrogen species, which
eliminate pathogens and tumour cglEheng et al. 207; Orecchioni et al. 2019;
Jayasingam et al. 2020Fonsidering these roles, Mike macrophages are regarded

as having anttumour behaviour. Macrophage functions have been summarised in

Figure 1.3

M2-like macrophages are activated by Th2-deltived cytokines such as 44 or IL-

13. These cytokines induce a different intracellular signalling cascade, generally
resulting in activation of STAT6 and IRF{Biswas and Mantovani 2010)
Functionally, M2 macrophages resolve inflammation via production of immune
suppressing mediators such as-1Il0 and TGFbDb, and by sca:
inflammatory markers andead cells. They also have roles in allergy and parasite
clearance and promote wound healing via tissue remodelling and angiogenesis
(Figure 1.3). As such, M2 macrophages can promote tumour developi@ieat and

Mantovani 2012) Markers of M2 macrophage polarisation include the scavenger
receptor CD163, the mannose receptor (CD206), CD209S[BN), IL-10, VEGF
(vascul ar endot hel idgednesmvoloed in argifina oetabotism, T GF
(Orecchioni et al. 2019)

The ability of macrophages to alter polarisation states in response to changing stimuli
enables them to coordinate the course of an inflammatory response. This includes
inducing pathogen killing and the engulfing and digestion of cellular debris, and later
promoting wound healing and tissue regeneration-ipfisimnmation (Stout et al.

2005; Biswas and Mantovani 2010; Orecchioni et al. 201%siagam et al. 2020)
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Figure 1.3 Macrophage polarisation.

lllustration of macrophage polarisation into either M1 or M2 activation states,idleaitification markers ar
biological functions. Adapted from (Jayasingam et al. 2020).

1.6 Tumour Associated Macrophages (TAMSs)

Macrophages that populate solid tumours are termed tuassaciated macrophages
(TAMs). TAMs are a vital component of the TMEpmprising the most abundant
population of tumouinfiltrating immune cells, and up to 50% of all cglMorrison
2016; Azizi et al. 208). As such, they play important roles in cancer progression and
clinical outcome. Oftentimes, a higher density of TAMs is observed at more advanced
stages of tumour progression. This has been shown in oesophageal(caatet.
2019a) ovarian cancefYuan et al. 2017)breast cance(Qiu et al. 2018)and
pancreatic cancébDi Caro et al. 2015)in line with this, TAM densities are positively
correlated with poor clinical outcomes. Thiashbeen reflected in oesophaggalet

al. 2019a) pancreatiqYu et al. 2019) breast(Zhaoet al. 20173)lung (Wu et al.
2016b) gastric(Wu et al. 2016b)and oral cancerg¢Hu et al. 2016) Therefore,
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understanding the roles and regulation of TAMs is important if they are to be targeted

for immunotherapy.

TAMs can orignate from tissue resident macrophages that are already present prior to
tumour formation, or from circulating monocytes that are recruited into the tumour.
Circulating monocytes are recruited via environmental cues including local anoxia
(absence of oxygg, inflammation, high levels of lactic acid and chemokine
attraction. Chemotactic signals include the major macrophage recruitment molecule
C-C motif ligand 2 (CCL2), colomgtimulating factor 1 (CSF1) also known as M
CSF, cytokines and complement compaséHao et al. 2020; Zhou et al. 202@nce

these monocytes infiltrate the TME, the milieu of environmental signals enable them

to become differentiated into macrophages.

After differentiation, TAMs can display a wide spectrum of activation states. The state
they exhibit is dependent on a numbéifaxtors, such as the overall nature of the
environmental signals within the tumour, the tumour site and stage. Predominance of
pro-inflammatory signals induces Mike macrophage polarisatighloy and Pollard

2014) M1l-like TAMs are antitumour in function. They antagonise tumour
development directly, by eliminating tumour cells through phagocytosis and release
of reactive oxygen and nitrogen species,
macrophages can indirectly control tumour progression via the secretion -of pro
inflammatory cytokines. These help recruit and activate cytotoxic immune cells that
target and destroy tumour cells. The most commonly attributed role efFAWIs
however, is theiability to capture and present tumour antigens to resident effector
CD4+ T cells using MHC I, and to enhance the-&mtnour activity of bound T cells
through engagement with the-stimulatory molecules CD80 and CD@ghenget al.

2017; Jayasingam et al. 2020; Muntjewerff et al. 2020)

While M1 polarisation is possible in tumours, TAMs are generally synonymous with
an immunosuppressive Mike activation state. This state is commonly detected in
tumours, and can be deed from the exposure of macrophages to an abundance of
immunosuppressive cells and cytokines that are present in immunoedited TMEs at
advanced disease stages. When prevalen{] Mds are potent promoters of tumour
progression. Mechanisms they use to cbaote to this are detailed below and

summarised ifrigure 1.4
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1.7 Roles of M2TAMS in tumour progression
1.7.1 Angiogenesis

As development progresses, tumours reach a size where they can no longer grow. To
continue, they require a vascular network, which providggen and nutrition, and
enables the removal of waste products. The formation of this vascular network
describes the angiogenic switch. During angiogenesis, new blood vessels are created
within the tumour. Dilation of these vessels is promoted to inciefise of nutrients.
Perivascular cells are also recruited to regulate blood fBsvgers and Benjamin

2003; Bruno et al. 2014)M2-TAMs partake in this process by secreting-pro
angiogenic factors such as VE@Fand the EX-C motif chemokine ligands, CXCL8

and CXCL12(Lin and Pollard 2007; Hughes et al. 201R¢cruitment of endothelial

cells, fibroblasts and pericytes are promoted by additionall i derived factors

such as WNT7B (wingless/integrated 7B), F6F T NF aimeghosphoyylase.d
Together, these cells and signals contribute to the generation of vascular networks
within the TME(Hirano et al. 2001; Yeo et al. 2014)

The angiopoietin 1 receptor TIE2 (also known as TEK) is an important regulator of
tumour angiogenesis. TIE2 is a receptor tyrosine kinase expm@ssesubpopulation

of TAMs that localise near blood vessels. The interaction of TIE2 with its ligand,
angiopoietin 2 (ANG2), triggers the process of new vessel formation
(neovascularisationfVenneri et al. 2007; Mazzieri et al. 2011ynder hypoxic
conditions, such as within growing tumours, both these genes are overexpressed, and
provide a cascade whereby new blood vessels repldrasdupply of oxygen. In line

with this, the subpopulation of TIE2 expressing TAMs comprise the majority of
myeloid-derived angiogenic activity within the TMPe Palma et al. 2005; Mazzieri

et al. 2011)

1.7.2 Invasion and metastasis

Invasive tumour cells are defined by their ability to leavepitmary tissue site and

enter the bloodstream (intravasation), where they migrate to distant locations and
establish secondary tumours (metastg&gamura et al. 2015M2-TAMs can play

a role in this process by producing enzymes such as serine proteases, MMP2 (matrix

metalloproteinas€) and MMP9 (matrix metalloproteina8¢, and cathepsins. These
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enzymes disrupt cellell and celto-basement membrane interactions, emapli
tumour cells to detach from the primary tissue site, degrade extracellular matrix and
enter the bloodstrearfiiguori et al. 2011; Cassetta and Pollard 2018; Chen et al.
2019)

M2-TAMs also promote invasion and metastasis via epithiatesenchymal
transition (EMT). Duing EMT, tumour cells reduce their expression of epithelial
markers such as -Eadherin, and upregulate mesenchymal genes that promote
invasiveness and increased cell migration, including slug, snail, and fibrogfeetin

and Raza Zaidi 20177 his transition helps disseminated tumour cells migrate through
the bloodstream and reach secondary tissue sitemodiucell migration can be
assisted directly by MZAMs. A positive feedback loop occurs, where migration
promoting EGFs produced by macrophages are transduced by tumour cells, which in
return secrete MCSF, further activating these macropha@étckoff et al. 2004;
Goswami et al. 2005)

Circulating tumour cells also localise towards TIE2+ macrophages near blood vessels.
These TAMs produce VEGR to increase vascular permeability, which provides
greater capacity for tumour cell motility and nutrientalke within the bloodstream.

This network of vessels, TIE2+ TAMs and circulating tumour cells have been
described as the tumour microenvironment for metastasis (TMEdjan et al. 2014,
Harney et al. 2015)

1.7.3 Resistance to chemotherapy andadiotherapy

Tumour cells can acquire resistance to chemotherapy and radiotlistapy et al.

2010; Leblond et al. 2017; Wang et al. 20188)owing evidence has implicated
TAMs in this process. Paulus et al. showed that inhibition of macrophage recruitment
ard activation, via administration of an-BISF neutralizing antibody, increased the
chemosensitivity of human breast cancer cells in xenograft m¢Beldus et al.

2006) Several reports asshowed that secretion of-f from TAMs confers anti
apoptotic effects on tumour cells, and can contribute to resistance to chemotherapeutic
drugs(Kong et al. 2016; Xu et al. 2019)
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1.7.4 Suppression of antitumour immunity

M2-TAMs can suppress artimour immune responses. For example, they can
activate inhibitory reqgetors on infiltrating immune cells. They express fotassical

MHC class | molecules such as HiEAand HLAG. These HLA molecules present
antigens and engage NK and T cells via association with CD94 and LILRB1
(leukocyte immunoglobulttike receptor subfaity B member 1, also known as ILT2)
receptors on their respective cell surfaces. Rather than activating them, engagement of
these HLA molecules instead instigates inhibitory signalling, thus preventing the anti
tumour activity of these cells. HL-& engagemnt has been reported to inhibit CD4+

T cell proliferation, promote induction of anergy, and differentiation into Tregs
(Morandi and Pistoia 2014; Obreque et al. 2017)

M2-TAMs also express ligands for checkpoint receptors on T cells, includiAglPD
and PDL2, that inhibit their activity within the TME. This is important in HNSCC, as
overexpression of PD1 may inhibit the efficacy of anttD1 immunotherapies
(Arlauckas et al. 2017)Despite beig costimulatory molecules, CD80 and CD86
expression in TAMs can also trigger T cell inhibition upon favoured interactions with
the checkpoint receptor CTLA on engaged T cel{Santarpia and Karachaliou 2015;
Buchbinder and Desai 2016Y12-TAMs also suppress immunity via secogtiof
cytokines, such as HLO and TGB, which repress CD4+ and CD8+ T cell activity and
promote induction of Treg differentiation. MRAMs further increase Treg density by
secreting chemokines that promote their recruitment into the tuiNoyrand Pollard
2014)

M2-TAMs can directly inhibit cytotoxic CD8+ T cells by releasing the argiine
metabolising enzyme arginase |. Arginine is important for thexpgession of the T

cell receptor following activation. Therefore, expression of arginase | by TAMs
reduces repeated T cell responses within tumours. Furthermore, TAMs can induce
expression of IDO enzymes in CD4+ T cells. IDO enzymes can metabolise tryptophan
into products tha drive differentiation of CD4+ T cells into potently

immunosuppressive Treg@®lellor et al. 2002Mbongue et al. 2015)
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Figure 1.4 Roles of M2TAMSs in tumour progression.

M2-TAMs are involved in many hallmarks of tumour development. Factors produced-lyAM2 that facilitats
each of these asummarised here and explained in full in the text.

1.8 TAMS in HNSCC

TAMs are a crucial component of the HNSCC TME. Regardlesstiviasion state,

TAMs can be detectedwivo by expression of the panacrophage marker CD68.
CD68+ macrophage levels are elevated in HNSCC when compared to normal mucosa,
suggesting that they commonly infiltrate tumour tissue and may have a role in tumour
developmentNi et al. 2015; Seminerio et al. 2018; Wondergem et al. 2020yo

tumour role for these TAMs in HNSCC was indicated, as high CD68+ TAM
concentrations were canonly correlated with lymph node metastases and poor
survival(Hu et al. 2016; Seminerio et al. 2018xher stutks however, linked CD68+
infiltrates with better outcome@guyen et al. 2016Qguejiofor et al. 2017)Such
discrepancies may have arisen because studies using CD68 as a sole macrophage
marker did not account for differences in macrophage activation states. From a broad
perspective, these CD68+ TAMs could exhibit @athour MZXlike or pretumour
M2-like phenotypes in the TMEQian and Pollard 2010)Jn HNSCC, TAMs most
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commonly exhibit M2like phenotypes. This somewhat explains why the majority of
reports link high CD68+ infiltrates with poor outcon{®¢eber etal. 2014)

M2-TAMs can be identified against other TAM subtypes via detection of CD68 along
with expression of known M2 biomarkers. Many markers have been used for this
purpose, though the a@xpression of CD68 with the M2 marker CD163, has been
shown to be prevalemt HNSCC TAMs and has prognostic significar{béarcus et

al. 2004; Weber et al. 2014)hese MZTAMs are present in higher number than their
CD68+ CD163 counterparts, and strongly influence tumour development. Reported
functions includeé’ promotion of tumour cell migration and invasi¢@hang et al.
2011; Pirila et al. 2015)angiogenesis, and resistance to ther@pyri et al. 2011;
Okubo et al. 2016; Alves al. 2018) In line with these roles, a large body of reports
have positively correlated the density of NTAMs in HNSCC with disease severity
and poor surviva{He et al. 2014Petruzzi et al. 2017; She et al. 2018; Kumar et al.
2019; Troiano et al. 2019; Li et al. 2020; Wondergem et al. 2020)

How macrophages become polarised to the M2 phenotype is of importance in this
thesis. By identifying novel regulators that promote pdfarisation in HNSCC, novel
therapies can be created that improve the effectiveness of existing immunotherapies.
As a major component of the TME, a variety of an#dcrophage therapeutic
approaches have been developed and are detailed below and sutchmaasde 1.1

By eliminating or reprogramming TAMs, immunotolerance may be reversed, and

tumour elimination by the host immune system enhanced.

1.8.1 Targeting via inhibition of TAM recruitment

Macrophages are recruited into tumours via chemotaxis. Tumowg pelduce
chemokines such as CCL2 and CSF1. These signals are sensed by, and promote the
recruitment of, circulating monocytes into the tumour. Here, both CCL2 and CSF1
also promote M2 macrophage polarisatigtena et al. 2015; Hao et al. B)2
Preclinical studies have shown that HNSCC cells produce CCL2, which indeed
recruits and promotes the M2 polarisation of macrophages. As previously mentioned,
these macrophages produce EGF, which increases the proliferative and migration
capacity oftumour cells, but also their expression of CCL2, culminating in a positive
feedback looggGao et al. 2016)Several attempts have been made to block monocyte
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recruitment and M2 polarisation by inhibiting the interaction between CCL2Zsnd
receptor CCR2. Approaches in HNSCC include the use of thenflatnmatory
compound curcumiGao et al. 2016)the CCL2 inhibitor bindarit, and neutralising
antibodies(Gazzaniga et al. 2007; Loberg et al. 200/hile the effects fothese
treatments have been positive, it was found that when removed, rebound relapses often
occur. Thus, to improve this approach, further research is required.

CSF1 and its receptor CSF1R, which also recruit monocytes and promote M2 TAM
polarisation, ve been targeted using inhibitors and neutralising antibodies. Positive
results have been shown in cancer models, including reduction of macrophage
recruitment and M2 polarisation, reduced tumour growth and increased CD8+ T cell
influxes (Aharinejad et al. 2004; Paulus et al. 2006; Mitcheral.e2013; Ries et al.
2014) Antibodies and small molecule inhibitors that target this axis are currently in
clinical trials for HNSCC (NCT02526017).

1.8.2 Targeting via induction of TAM cell death

Another approach developed is intended to induce TAM apap®Bgidecreasing the
overall number of TAMs, this approach, in principle, reduces the capacity of M2
TAMs to suppress antumour immunity and promote tumour development.
Trabectedin (E743) is a drug that is cytotoxic to macrophages. When administered,
it binds to and activates the death receptors Fas and TRAIL-(@lsted apoptosis
inducing ligand), leading to cell death by apoptosis. Neutrophils and T cells within the
TME are spared from trabectedimediated apoptosis via the expression of decoy
deathreceptors. This approach therefore, is effective in specific targeting of TAMs
(Germano et al. 2013)Thus far however, no reports have described its use in the
treatment of HNSCC. Biphosphonates, especially those that have been encapsulated
into liposomes, are compounds which are selectively taken up by macrophages
through phagocytosis. Upon internalisation, these compounds induce cell apoptosis.
Clodronate is anample of a liposomal biphosphonate, where its application has been
shown to result in macrophage depletion and suppression of tumour progression
(Zeisberger et al. 2006)

While induction of apoptosis can be effective, a drawback of the aforementioned
agents is that they target all TAMs regardless of their polarisation state. This can
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inadvertently result in depletion of atimour METAMs and tissueesident
macrophages. Thewak, antimacrophage approaches that selectively target M2
TAMs are considered the gold standard. M2pep is aavigeting peptide construct.
M2pep application in mice models as originally designed, or when edited to contain
apoptosisnducing peptides, haseen shown to selectively target and eliminate M2
TAMs (Cieslewicz et al. 2013; Ngambenjawong et al. 2016; Kakoschky et al..2018)

Though, while promising, studies using M2pep are still in its infancy.

Alternative M2selective apprazhes include the targeting of surface molecules that
are preferentially expressed in M2 macrophages. An example of this is legumain,
which is highly expressed on MPAMs in breast cancer. A DNA vaccine, that
promotes immune responses against cells expigekgjumain, has been demonstrated

to reduce MZTAM density, stimulate CD8+ T cell activity, reduce angiogenesis and
metastases, and increase survival in mouse cancer nfbdelgt al. 2006) CD204
(scavenger receptor A) is a scavenger receptor and a highly expressed biomarker of
M2-TAMs. Treatment of mice ovarian cancer models with-@DP04 immunabxins
caused elimination of MZ AMs and suppressed tumour progresgiek et al. 2007)
CD163 is a classical M2 macrophage marker. As described eédiexpression in
TAMs has been associated with gumour effects in HNSCC, amongst several other
cancers(Shiraishi et al. 2018; Pinto et al. 201®se of aniCD163 monoclonal
antibodies, conjugated with doxorubidoaded lipid nanoparticles (which prevents
DNA replication and causes cell death), has been shown to selectively deplete
CD163+ macrophages in a mice melanoma m(itzkerodt et al. 2019)nhibition of

the CSFiICSF1R axis has also been shown to affectTMBIS. Emactuzumab
(RG7155) is an amCSF1R antibody which, vém used in prelinical studies,
decreased TAM density, whilst increasing CD8+ T cell numfRiss et al. 2014)
Emactuzumab is currently in clinical trials for the treatment of advanced HNSCC
(NCT01494688YGomezRoca et al. 2019)

1.8.3 Targeting via repolarisation of TAMs from M2 to M1

TLRs are expressed by APCs uding macrophages. Upon engagement with their
ligands, macrophages become activated, displayingiRdphenotypes and functions
(Mantovani et al. 2017)As drivers of M1 polasation, stimulation of TLRs is an

attractive approach for the reprogramming of-V&Ms. Generally, developed agents
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have been designed to stimulate TLR3, TLR7, TLR8 and TLR9, which are
intracellular. As of yet, only imiquimod, a TLR7 agonist and topaggnt, has been
FDA-approved for the treatment of squamous cell carcingiasna et al. 2016)t

is currently in clincal trials for HNSCC (NCT04883645). Clinical trials have also
been performed for other TLR agonists, of which polyinosinic:polycytidylic acid (poly
I:C) is of particular note. When compared to iquimimod, poly I:C has been shown to
display greater efficacyn the reprogramming of tumowonditioned M2TAMs
towards an M1 phenotyp@laeda et al. 2019)Furthermore, to promote selective
targeting of M2TAMSs, argininebased poly (l:GJoaded nanocomplexes were
developed. Application of this agent induced greater T cell recruitment and tumour
cell killing, presumably following successful MPAM depletion (Dacoba et al.
2020) An analogue of poly (C) is currently in clinical trials for the treatment of head
and neck cancers (NCT03789097).

Stimulator of interferon genes (STING) is a protein involved in innate immunity that
has become an attractive target in cancer therapy. It is a cytoplasmis&bl that
becomes activated in response to detection of viral nucleotides. Upon activation, it
triggers the activity of IRF3 and the subsequent production cinfleonmatory
cytokines. These cytokines enhance the immune response leading to elimindi&n of t
virus. Therefore, as a stimulator of immunity, STING presents an attractive target to
promote Mllike macrophage behavio@ishikawa et al. 2009; Fuertes et al. 2011;
Schiavoni et al. 2013; Li et al. 2019b; Miao et al. 20BN)ING agonists, including

the cyclic dinucleotide cGAMP (Cydiguanosine adenosine monophosphate), have
been evaluated in preclinical and clinical tridowney et al. 2014; Corrales et al.
2015) When encapsulated into liposomes, cGAMP admatisin was shown to
successfully induce TAM reprogramming, increase CD8+ T cell density and reduce
tumour growth in mouse breast cancer mo@€lseng et al. 2018 STING agonists

for treatment of solid tumours, including HNSCC, are currently in clinical trials
(NCT03937141, NCT04220866Amouzegar et al. 2021)

Several mondonal antibodies have also been investigated. Macrophages express the
CD40 receptor on their surface. They can interact with its ligand, CD40L, expressed
on CD4+ T cells. CD40 agonism has been shown to increase the M1 activity of

macrophages, evidenced bpregulation of MHC Il, CD86 and piiaflammatory
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cytokine secretioriBeatty et al. 2011; Zhang et al. 201Bxploiting this axis with
ant-CD40 agonists have resulted in successful reprogramming of TAMs towards anti
tumour activity (Beatty et al. 2011; Vonderheide 2026urthermore, treatment of
TAMs using a combination of CD40 agonists with ad8F1Rantibodies has been
shown to synergistically reprogram TAMs towards aipftammatory phenotype and
inhibit macrophage infiltration. These reprogrammed TAMs were also able to
stimulate T cell responsedioves et al. 2018; Perry et al. 2018) HNSCC,
expression of CD40 and CD40lave been negatively correlated with tumour stage
(Sathawane et al. 2013)he andiCD40 agonist Selicrelumab is currently in clinical
trials for the treatment of solid tumours including HNSCC (NCT02665416).

CD47 is a ubiquitous suacdlalceo privpdtei fnurxtpir
them from macrophageediated phagocytosis. Seklls use CD47 to engage with

signal regulatory proteitd ( S1 RPU) mol ecul es on macr C
interaction edcates macrophages not to phagocytose these cells, thus preventing
autoimmunity(Murata et al. 2014)Tumour cells in several cancers overexpress CD47

as a means of escaping phagocytddaswal et al. 2009; Zhang et al. 2015a)

preclinical cancer models, pharmacological inhibition of CD47 restored the ability of
macrophages to phagocytose and kill tumour ¢&liset al. 2018; Schiirch et al. 2019;

Yang et al. 2019a)Sustained TAM reprogramming has also been achieved by
combining antiS | R With antr-CSF1R(Kulkarni et al. 2018; Ramesh et al. 2019)

Several agents targeting this pathway are under clinical trials, either alone or in

combination with other agents, faarmcers including HNSCQLi et al. 2020)

The PI3Ki nase 0 isoform is a signalling mo
macrophages, promoting immune suppression rather than inflammation. This is
overactive in M2ZTAMs, and its activity can be used as a prognostic indicator in
cancer. Genetic and pharmazag i c a | targeting of Pl 3ko
immunostimulatory Milike transcriptional profile, resulting in the expression of

MHC I, IL-12 and decreased secretion ofllQ. In turn, reprogrammed TAMs were

shown to promote the recruitment of attmourimmune cells and inhibit tumour

growth in several cancers including HNSQGGneda et al. @1.6). The use of the P43

ki nase o -549 bomhined vati nivblutiab, is currently in clinical trials for
advanced solid tumours (NCT0263758%ullivan et al. 2018)
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Novel genetic and epigenetic approaches have also been developed to reprogram M2
TAMs. These include nanoparticased delivery of M1 genes (including CD8O0,
CDS86, IL-1 2 a n d (Haabehhoe) al. 2019; Zhang et al. 2Q18yd CRISPR
(clustered regularly interspaced short palindromic repeats) or siRddiated
knockout/knockdown of M2 gene expression (such as VBG&nd CSFLR)
(Cieslewicz et al2013; Song et al. 2018\lternatively, CARM (Chimeric Antigen
ReceptoiMacrophage) cells are being studied. CRRtherapy involves the
introduction of genetic material into MPAMSs, that results in expression of chimeric
receptors that both detegiexific tumour antigens and potently trigger phagocytosis
and antigen presentation. CAR expression inTMs thus provides them with anti
tumour roles and enhances T cell respongdsile a promising approach, studies
involving CAR-M for the treatment ofolid tumours are still at an early stage
(Klichinsky et al. 2020; Chen et al. 2021)

There are high densities of M2AMs in HNSCC, where they promote tumour
aggressiveness and are assedatith poor patient outcomes. While there are many
antrmacrophage treatments under assessment, more research is required to identify
novel mechanisms tumour cells use to promote-nvZrophage polarisation in
HNSCC. Identification and blocking of such mhaaisms, in combination with other
immunotherapies, may promote MAM polarisation and reverse immunotolerance.
By improving host anttumour immune responses, patient survival rates may be
improved. This project sought to help achieve this aim by ingesitng the role of the
immunosuppressive cytokine Interlewdb (IL-35) in the repolarisation of M1
TAMs, which may be present in an inflamed HNSCC TME, towards ariké2
phenotype.
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Table 1.1 Anti-TAM therapies

Anti -TAM approach Agent
Inhibition of macrophage recruitment and M2 CCL2/CCR2 inhibitors  (curcumin,  bindari
polarisation antibodies)
CSF1/CSF1R inhibitors
Induction of TAM apoptosis Trabectedin
Liposomal bisphosphonates (clodronate)
M2-TAM targeting M2-pep

Legumain targeting
Anti-CD204 immunotoxins
Anti-CD163 antibodies
Emactuzumab

M2 to M1-TAM reprogramming TLR agonists
Iquimimod (TLR7)
Poly I:C
STING agonists (cGAMP)
antrCD47 (phagocytosis)
Anti-S| RPU (phagocytosis)
Pl 3Ko i nh54®i t ors (1 PI
Nanocomplexes for M1 gene expression
Gene Knockout/knockdown of M2 genes
CAR-Macrophages

1.9 Interleukin -35

Interleukin-35 is a heterodimeric cytokine belonging to thel R family. Structurally,

it is composed of an EBI3 (EpsteBarr virusinduced gene 3) chain joined ron
covalently to a p35 chain. It was discovered during an investigation to identify
potential binding partners for the EBI3 chain, that when bound, could be deasede
heterodimer. Using eonmunoprecipitation, Devergne and others found that when
both EBI3 and p35 were overexpressed in the same cell (by means of transfection),
they were able to interact and become secreted as a heter¢Dievergne et al.
1997)

At this time, the function of this heterodimer was unknown, but there were early
indications that it had immunomodulatory roles. The EBI3 chain had been reported to
be highly expressed in the spleen and placental trophoblasts, and is located in the
genome near th@yk2 gene (a regulator of B, IL-10 and IL-12 signalling)
(Devergne et al. 1996; Devergne et al. 20Biwever, it was not until seminal work

by Collison in 2007, where the principal function of the EBI3/p35 heterodimer was
uncovered, and it was given the name Interletd&iCollison et al. 2007)This study

demonstrated that EBI3 and p35 were constitutively expiesse secreted by Tregs.
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Tregs are potent immunosuppressive cells. Though, when both the EBI3 and p35
genes were removed by knockout, the ability of Tregs to suppress immunity was
significantly impaired. This suggested that the EBI3/p35 heterodimer metydinims

a critical immunosuppressive cytokine. As it shared structural chains from-tte IL
family, but was functionally distinct from previously discovered members, the
EBI3/p35 heterodimer was given the name Interle@&iiCollison et al. 2007)

After a decade of further research;3b is understood today to function apotent
suppressor of immunity. It is expressed mainly by Tregs, but also regulatory B cells
(Bregs) and less so by endothelial cells, smooth muscle cells, macrophages,
monocytes, tolerogenic dendritic cells and cancer (BHschereau et al. 2012; Long

et al. 2013; Shen et al. 2014; Tedder and Leonard 2014; Dixon et al. 2015; Hao et al.
2018; Lee et al. 2018a; Zhu et al. 20285 an immunosuppress\wcytokine, its
expression has been implicated in many immunological diseases. Of these diseases, a
large body of research has investigated the roles-86lln cancer.

1.10 Interleukin -35 in cancer

IL-35 overexpression has been detected in tumour tissue and patient serum from
several cancers. As a suppressor of immunity, its somewhat unsurprising that its
concentration is commonly positively correlated with disease severity and poor patient
survival. This has been reported in a plethora of cancers includimgstate cancer
(Chatrabnous et al. 2019; Zhu et al. 2019; Zhu et al. 2@28}ric cancef{Gu et al.

2021) pancreatic duat adenocarcinom#Jin et al. 2014; Nichb et al. 2014)
colorectal cancefZeng et al. 2013; Ma et al. 201@tute myeloid leukaemi@ao et

al. 2015; Ahmed et al. 201,9)onsmallcell lung cance(Gu et al. 2015; Zhang et al.
2021) renal ell carcinomaJin et al. 2015)breast cancdChen et al. 2016; Zhao et

al. 2017b)and B cellymphoma(Larousserieet al. 2019) These findings indicate that
IL-35 may have important roles in cancer, and its expression may also serve as an

effective prognostic biomarker.

The origin of IL-35 production in cancer may be important to consider. In patient
studies, 11-:35 is detected both in the tumour tissue and serum. Though, some reports
have shown that both 1B5 and Treg counts are depleted following tumour resection,

which suggests that {B5 production is largely of tumour origin, and that resident
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Tregs may be therincipal producers within the TMEZeng et al. 2013; Wu et al.
2017) Aside from Treg production, studies havecalshown that tumour cells
themselves can produce-85 (Long et al. 2013; Zeng et al. 2013; Hao et al. 2018;
Zhu et al. 2020)This may be significant, as it suggests that tumour cells coultl use
35 secretion as an immune escape mechanism via suppressiortaiauti immune
cells. The role of IE35 in cancer is not restricted to the regulation of immunity. The
variety of roles attributed to H35, that rather controversially either favour or

antagonise tumour development, are explored below (summariSatlm1.2).

1.10.1 Role of IL-35 in tumourigenesis

A study by Wang and others showed thaBB.can directly promote tumourigenesis.
Melanoma and plasmacytoma cell lines were transfected, resuhinti--35
overexpression. These cell lines were then injected into immunocompetent or
immunocompromised mice. Compared to untransfected controls35 IL
overexpression accelerated tumourigenesis in both types of mice. Furthermore, these
effects were abrogadewhen mice were simultaneously injected with3%h and a
blocking antibodyWang et al. 2013)

1.10.2 Role of IL-35 in tumour cell growth and resistance to apoptsis

Nicholl and others showed that stimulation of pancreatic carcinoma cell lines with
recombinant IE35-Fc resulted in increased cell proliferation and survival in a-dose
dependent manner. Addition of an alt+35 antibody prior to stimulation blocked
these effects, indicating that485 can directly promote proliferation in these cancer
cell lines(Nicholl et al. 2014)A study by Wang and others also showed, through co
culture of activated cytotoxic T lymphocytes with-35-overexpressing mouse
plasmacytoma cell lines, that -B5 conferred resistance to-CEll mediated
cytotoxicity (Wang et al. 2013)Zhu demonstrated that in prostate cancer33L
overexpression in tumour tissue was associated with increased tumour cell
proliferation, as shown via elevation of Ki67 express(@hu et al. 2020)Fan also
showed this to occur in gastric tumour tisggan et al. 2015)Thus, these studies
demonstrate that H35 may not only regulate surrounding immune cells, but also
promote tumour development by increasing the proliferation and survival of tumour

cells.

Cardiff University [37] School of Dentistry



Richard Ali Chapter 1

1.10.3 Role of IL-35 in angiogenesis

Using immunocomromised mice injected with plasmacytoma or melanoma cells that
overexpress I35, Wang and others showed-35 contributed to an increase in
expression of VEGF and CD31, markers of angiogenesis. Analysis of tissue sections
also detailed an increase in thdiltration of MDSCs (CD11bGr1") in IL-35+
tumours. Injection of an arGrl antibody depleted MDSC count, and coincided with
reduced tumour growth to a level matching that of controls, indicating tha5 IL
production promotes the infiltration of MDS@do0 the TME, and that these MDSCs

are largely responsible for the observed increase in tumour growth and angiogenesis
(Wang et al. 2013)A study in prosite cancer also demonstrated that38
overexpression correlated with increased CD31 expression and microvessel density,

further evidencing its role in promoting angiogeng€gisu et al. 2020Q)

1.10.4 Role of IL-35 in metastasis

In mice breast cancer models, TAMs present within metastases show dikeVi2
activation state. In contrast, TAMs within primary tumour tissue were skewed towards
an M1 phenotype. M2 macrophages present at metastatic sites prodd&eat inuch
higher levels tharperipheral macrophages, and this was confirmeditin. In
addition, this study showed that tumour cells may upregulaBslteceptor chains in
response to inflammatieimduced epitheliato-mesenchymal transition, which may
prepare these cells to resploto IL-35 during metastasis. TAMecreted IE35 may
promote metastatic colonisation of these tumour cells via mesenctgregithelial
transition. Knockout of EBI3, injection of an 4B5 antibody or an anrCSF1R
antibody (to block macrophage differenitia), confirmed these findings as metastatic
colonisation was reducdtlee et al. 2018a)

1.10.5 Anti -tumour roles of IL-35

IL-35 is commonly described as a fiumour cytokine, especially consitleg the

large body of evidence associating its expression with poor prognoses. However, some
reports have contradicted this idea. Research in hepatocellular carcinomas (HCC) and
colon cancers have suggested that3TL expression may antagonise tumour
devdopment. In an study by Long and others, it was shown th@b6laverexpression

in HCC cell lines arrested them in the G1 phase of the cell cycle, and increased their
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sensitivity to apoptosid.ong et al. 2013)In a later study, Long also demonstrated
that reduced levels of IB5 were correlated with disease progression in HCC.
Following ug of transfection, It35 overexpression in HCC cell lines resulted in
reduced invasiveness and capacity for cell migration. Furthermore, in direct contrast
to its role as an immunosuppressive cytokine;3%L overexpression was also
associated with the ineased expression of HLABC (MHC-I) on the cell surface,
which sensitises these tumour cells to destruction by cytotoxic T (teltgy et al.

2016)

IL-35 may also antagonise colon cancer progression. Zhang and others showed that
when compared to healthy controls, tissue sestirom colon cancer patients
contained a significant reduction in-B5 expression. Low H35 was also strongly
associated with metastases and poor clinical outcome. This was supportaditiny in
studies, whose results conveyed that treatment of colanececell lines with
recombinant IE35 reduces cell proliferation and migration. These cells also displayed
an increased sensitivity to chemotherapeutic agents. These effects may have been
mediated by a reduction in the expressionbafatenin, known to promote the
development of colon canc&hang et al. 2017; Jiang et al. 20IBhus, it seems that
despite reports linkg IL-35 to pretumour roles, it also possesses -amthour
functions, and this functional heterogeneity may depend in part on tissue site.
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Table 1.2 Pro-tumour and anti-tumour roles attributed to IL -35

Pro-tumour roles of IL-35 Anti -tumour roles of IL-35
Tumourigenesis Tumour cell G1 cycle arrest
Growth and resistance to apoptosis Increased tumour cell sensitivity to apoptosis
Resistance to chemotherapy Downr e g u l-Gateninamtumour celts
Angiogenesis Reduced invasiveness and migration of tumour ce
Suppression of antitumour immunity Reduced cell proliferation

1.10.6 Role of IL-35 in the suppression of anttumour immunity

IL-35 is a potent immunosuppressive cytok{@llison et al. 2007)Within the
cancer setting, this implicates it as a promoter of immune escape and tumour
progression. In the TME, H35 can accumulate due to the variety of cells therein that
produce it. These include tumour cdllong et al. 2013; Hao et al. 2018; Zhu et al.
2020) regulatory T cell¢Collison et al. 2007)induced Treg¢Collison et al. 2010Q)
regulatory B cell{Shen et al. 2014; Tedder and Leonard 2014; Wang et al.,2014)
immature dendritic cellDixon et al. 2015and macrophagd€3 erayama et al. 2014;

Lee et al. 2018a)When secreted from these cells;3k can stimulate and modulate
thebehaviour of surrounding immune cells in the TME. This can result in suppression
of antrtumour immunity. The immune cells that receive this signal, and how they are

regulated by IE35, are described below and summarisetahble 1.3

CD4+ T cellsi IL-35in the TME can inhibit the artumour activity of resident CD4+

T cells. Several studies have shown that CD4+ T cells stimulated wgh tlerived

from tumour cells, Tregs, or in recombinant form, can inhibit cell proliferation and
suppress Thl cytokingroduction(Collison et al. 2007; Turnis et al. 2016; Hao et al.
2018; Liu et al. 2021b; Mirlekar and Pylaye@aipta 2021)A number of reports have

also revealed that 35 can induce CD4+ T ce#ixhaustion (progressive loss of
differentiation capacity, function and vitality). Turnis and others generated mice
cancer models via injection with melanoma or colon cancer cells. When comparing
wildtype and EBI3knockout mice, it was observed that3b @ntributed to CD4+ T

cell exhaustion within tumours, as depicted by the increased expression of the
immuneinhibitory receptors PD1, TIMB (T cell immmunoglobulin domain and mucin
domain 3) and LAG3 (Lymphocyte Activating 3Turnis et al. 2016)Hao aso found

that CD4+ T cells treated with conditioned medium from breast cancer cell lines that

Cardiff University [40] School of Dentistry



Richard Ali Chapter 1

expressed I£35, or recombinant H35, induced upregulation of the exhaustion marker
CD73 (Hao et al. 2018)Liu and others recently revealed that mouse CD4+ T cells
respond to IE35 treatment by increasing their expression of PQillakG-3 (Liu et

al. 2021b)

Another major function of I£35 is to convert conventional CD4+ T cells into FOXP3
Tregs. These are termed induced Tregs or iTregs (i35 induced by I£35).
Functionally, they do not secrete-LO or TGF b, i nstead pri mail
suppression via secretion of-85, resulting in a positive feedback lo@ollison et

al. 2010; Sullivan et al. 20207 his is important as it enables the propagation of the
suppressive L35 signal from the secreting cell, taetheceiving CD4+ T cells and
beyond. This is known as infectious tolerance (explained in detail below). Studies have
mostly shown iTr35 conversion to occur in naive CD4+ T cells that would not
commonly be present within tumour tiss(@ollison et al. 2010)However, other
reports have evidenced that mature effector CD4+ T cells, present within the TME,
can also be converted to iTr35 c€lsa et al. 2016; Hao et al. 2018)his phenotypic
switch acts as a potent immunosuppressiveasidpoth by inhibiting the anrtumour
activity of CD4+ T cells within the tumour, and by enabling the production of
additional IL-35 to propagate immunosuppression.

Th17 cells- IL-35 has been shown to inhibit the differentiation of naive T cells into
Th17 cells, instead promoting iTreg differentiati@@ollison et al. 2007; Niedbala et

al. 2007; Collison etl. 2010) In nonsmall cell lung cancers, {85 can suppress anti
tumour immunity by inhibiting Th17 respons@¥ang et al. 2018ayhymusderived
Tregsi These Tregs differ from iTregs in that they express the FOXP3 transcription
factor. They are recruited into the TME, where they are key suppressorstohandir
immunity. IL-35 overexpression in tumours has been associated with the increased
presence of these FOXP3+ Trg@llison et al. 2010; Heim et al. 2019; Liu et al.
2021b)

CD8+ T cells- CD8+ T cells eliminate tumour cells. 85 within tumours can block
their activity in several ways. 85 assists in the recruitment of-85-producing
Tregs and MDSCs. These cells produce signals that inhibit the recruitment of CD8+
T cells(Wang et al. 2013; Zhu et al. 202Q)sing HNSCC mice models, Jiang recently
showed that IE35 can repress the activation of CD8+ T cells within the TME by
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reducing the expression of the-activator molecule CD2&Jiang et al. 2019)
Functionally, CD8+ T cells are cytotoxic to tumour cells and can produce pro
inflammatory cytokines to enhance atntmour immune responses. When CD8+ T
cells extracted from tumours were treated withBHA, expression of cytolytic genes
were reduced. LDHlactate dehydrogenase)-calture assays also showed that these
cells were less capable of inducing tumour cell dé¢atang et al. 2018a; Liu et al.
2019a; Yang et al. 2019b¥everal studies have also demonstrated th&5lican
promote CD8+ T cell exhaustidifurnis et al. 2016; Sawant et al. 2019; Liu et al.
2021b) Regarding cytokine production, Liu showed that CD8+ T cells isolated from
osteosarcoma patients, that were then treated wiib)Ishoved reduced expression
of Th1 cytokinegLiu et al. 2019a)This was also shown to occur in HCC and HNSCC
(Jiang et al. 2019; Yang et al. 2019bhus, IL-35 is a potent suppressor of CD8+ T

cell activity in cancer.

B cells- Similar to CD4+ T cells, I1L35 can convert infiltrating B cells, that are anti
tumour in nature, to regulatory B cells, which produce8.and propagate immune
suppression. k35 also promotes the proliferation of these céllken et al. 2014;
Wang et al. 2014; Sullivan et al. 202@endritic cells - IL-35 can prevent the
maturation of dendritic cells by reducing expression of MHC Il andtitoulatory
molecules.This represses their ability to present tumour antigens to naive T cells
within lymph nodes, and therefore reduces the numiectivated anttumour T cells

that are produced.Furthermore, these immature dendritic cells secrete
immunosuppressive cytokines including3b, further promoting immunotolerance
(Dixon et al. 2015; Halleet al. 2017; Liu et al. 2018k)eutrophils- Neutrophils in

the TME can exist in polarised phenotypes broadly described as N2
(immunosuppressive and ptomour) and N1 (pranflammatory and antiumour).

Zou and others showed that85 can facilitaé N1 to N2 reprogramming, which, as a
result of immune suppression, lead to increases in tumour gf{dethet al. 2017)
Macrophages: Previous reports have described that, as with T cells, B cells, dendritic
cells and neutrophils, H35 may reprogram M1 macrophages to an
immunosuppressive M2 phenotyffeng et al. 2019; Jiang et al. 2020; Hd.e2@21)
Together, these findings underline the potent immunosuppressive effects36f IL

within the TME and implicate it as a major contributor to immune escape.
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Table 1.3 Immune suppressing effects of IE35 on immune cells within the TME

Target immune cells in the TME Immune-regulatory effects of IL-35

CD4+ T cells Inhibition of cell proliferation.
Inhibition of Thl cytokine production.
Promotion of exhaustion.
Conversion to suppressive induced Tregs (iTr35)

Th17 cells Inhibition of Th17 differentiation and activity
Regulatory T cells Increased density in tumours
CD8+ T cells Reduced recruitment into tumours.
Reduced capacity for activation \dawnregulation of
CD28.

Reduced cytotoxicity.
Promotion of exhaustion.
Reduced Th1 cytokine production.

B cells Conversion to IE35-producing regulatory B cells
Dendritic cells Inhibition of maturation.
Supports production of H35 from immaturalendritic
cells.
Neutrophils Conversion to immunosuppressive N2 subtype
Macrophages Conversion to immunosuppressive M2

The molecular mechanism underlying the secretion of immunosuppressive cytokines
(such as IE35) from one cell type, and the functional inhibition and further secretion
of these cytokines from transducing cells, is not yet fully understood. This
phenomenordescribes infectious toleran¢&ershon and Kondo 197Din et al.

1993) As described above, 485 can achieve this in the TME through induction of
IL-35-expressing T cells, B cells, dendritic cells and macrophages. Recent research
has uncovered a potential mechanism by which th&5ILsignal is propagate
Sullivan and others showed that35 subunits can be loaded onto and secreted via
extracellular vesicles from Tregs, the main producers «#3LHere, it accumulates

and is transferred to a larger number of surrounding immune cells such as T and B
cels that transduce this signal. T cells that become inhibited by this signal, appear to
recycle IL-35 to the cell surface. Here, it repeatedly engages with its receptor, resulting
in T cell exhaustion. In addition, free surface boundB.may stimulate anithhibit

other immune cells that come into close proximity. Therefore, thgblkignal can be
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passed between cell populations in the TME, from a small number of Tregs, which
produce many It35-coated extracellular vesicles, to a larger number of surrogndi
immune cells, which themselves recycle and us83Llio stimulate additional cells.
This may therefore explain how, despite low stability3B.is able to propagate its

signal in cancefSullivan et al. 2020)

1.11 Interleukin -35 in HNSCC

IL-35 has been linked to several cancers, where it suppressésnamir immunity
using themechanisms described above. Investigation into the expression and role of
IL-35 in HNSCC however, is currently lacking. Wang has shown, using
immunohistochemical techniques, that3b expression is detected in tumour tissue
taken from nasopharyngeal cam@ma patients. This expression appeared to be
sourced mainly from stromal cells rather than from tumour ¢éllsng et al. 2013)
Zhang and others also fiod that IL.-35 was overexpressed in nasopharyngeal tumours.
I n contrast t-85wiédouny dobe averaxmessed within the tumour
cells. In addition, IE35 expression was positively correlated with disease progression
and poor surviva{Zhang et al. 2015b)u and others examined-B5 expression in
laryngeal carcinomas. In preoperative patients33Loverexpression was detected
both from cells within the tumour tissue and in peripheral blood. Follpwurgical
resection, expression was reduced significantly, suggesting th@b Imostly
originated from within the tumour tissy&/u et al. 2017) The findings from these

studies indicate that 35 may play an important role in HNSCC development.

As described earlier, tumour cells can respond to immunosurveillgnpeoducing
signals that alter the phenotype of immune cells, such that function to suppress
immunity in the TME. Numerous reports have shown that cancer cell lines express IL
35(Long et al. 2013; Zhang et al. 2015b; Hao et al. 2018; Zhu et al..28@@gver,

there was a gap in the literature pertaining to the expressior3af tly HNSCC cells,

and howthis is regulated by inflammation in the TME. This is important as,-B3L

is upregulated in response to inflammation, this would reveal a novel mechanism by

which HNSCC cells could escape atutmour immunity.

To begin to fill this gap, preliminary sdies were performed in our laboratory group.

HNSCC cell lines were analysed by RIPCR to detect H35 gene expression. The
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data showed that the 485 subunits, EBI3 and p35, were expressed in all tested cell
lines in varying amounts. Notably, within thgdopharyngeal cell line, FaDu, baseline

MRNA levels of EBI3 and p35 were low. However, when placed under pro
inflammatory conditions akin to an afttimour immune response, these cells adapted

by elevatingl-:35 expressi on. | FNO atonofp36,wlaeteaso n

n

TNFU induced EBI3 upregulation. Combined

commonly present in an inflamed TME, resulted in overexpression of bedb IL

subunits.

The results from the preliminary studies suggested that HNSCGraallproduce IL

35 as an adaptive response to inflammation in the TME. It is possible therefore, that
in an inflamed TME rich in immune cells, tumour cells produce&3l. which may
suppress antumour immunity from surrounding cells. As macrophages aen of
polarised to M2 in HNSCC, it is conceivable that HNS@€ived IL-35 may promote
immune escape by repolarising M1 macrophages, which may initially be polarised by
pro-inflammatory cytokines in the inflamed TME, to the prevalent M2 phenotype. It
was boh the preliminary data, and these inferences, that formed the rationale of this

study and led to the following hypothesis.

1.12 Project hypothesis

HNSCC cells within an inflamed microenvironment are under stimulation by
inflammatory cytokines. Tumour cells resml by upregulating expression of EBI3
and p35, culminating in H35 production. As an immunosuppressive cytokine3%L
protects tumour cells from arttimour immunity by repolarising M1 macrophages,
which are prenflammatory, to the immunosuppressive MBenotype, which are
prevalent in HNSCC.

1.13 Project aims
To test this hypothesis, the following project aims were devised.

1 By using preinflammatory and antinflammatory cytokine stimulation,
investigate the effects of inflammation in the TME onr3& exprasion in
HNSCC cell lines (Chapter 3).

Cardiff University [45] School of Dentistry



Richard Ali Chapter 1

1 To investigate the immunosuppressive roles of HNSIEfved IL-35,
establish an HNSCC cell line that stably overexpress&$lin its native form
(Chapter 4).

1 Investigate the role of HNSGG@erived IL-35 in the repolasation of M1
macrophages to an M2 phenotype via suppression of the M1 phenotype
(Chapter 5).

1 Investigate the role of HNSCG@erived IL-35 in the repolarisation of M1
macrophages to an M2 phenotype via upregulation of classical M2 and
candidate MZTAM markers (Chapter 6).

Should the hypothesis be proven, this would reveal a potential mechanism used by
HNSCC cells to escape atimour immunity. This could implicate {B5 as a
potential target for immunotherapy. When targeted in combination with existing

immunotherapies, this may improve patient responses and overall survival.
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Chapter 2

Materials and Methods

Cardiff University [47] School of Dentistry



Richard Ali Chapter 2

2.1 Cell Culture Materials
2.1.1 Established cell lines

The FaDu cell line waderived from a hypopharyngeal squamous cell carcinoma taken
from a 56 year old Caucasian male. The H357 cell line was derived from a human oral
squamous cell carcinoma taken from the tongue of a 74 year old male. Both cell lines
were gifted from Dr Simon Wawell (The University of Plymouth). CHO (Chinese
Hamster Ovary) cells were purchased from the European Collection of Authenticated
Cell Cultures (ECACC) (Wiltshire, United Kingdom). The acute monocytic leukaemia
cell line (THP1) was purchased from TherrRsher Scientific (Loughborough,
United Kingdom). Cryovials containing each cell line were stored in liquid nitrogen

until use.

2.1.2 Developed cell lines

CHO-EBI3 and FaDtEBI3 cell lines, which overexpress human EBI3, were
established following stable transfection of CHO and FaDu cells with a plasmid
containing the human EBI3 gene. The Fgi3b cell line, that overexpresses human
p35, was developed via bla transfection of FaDu cells with a plasmid containing the
human p35 gene. CH@Q-35 and FaD4L-35 cell lines, which overexpress both
human EBI3 and p35 and secrete3k, were established following stable transfection
of CHO-EBI3 and FaDtEBI3 cell lines with an expression plasmid containing the
human p35 gene. FaENITC and CHGNTC cell lines were developed following
stable transfection with a negative transfection control (NTC) plasmid, which contains
a stuffer sequence in the open reading frame truisfection methods are detailed in
Section 2.3.6.

2.1.3 Routine tissue culture materials

RPMI-1640 (Roswell Park Memorial Institute) culture medium and
Penicillin/Streptomycin (P/S) were obtained from Thermo Fisher Scientific. Fetal
Bovine Serum (FBS) was algmrchased from Thermo Fisher Scientific, and heat
inactivated by incubating in a water bath at 56 °C for 30 min prior to storage.
Phosphate Buffered Saline (PBS) was obtained from Thermo Fisher Scientific and

reconstituted in distilled water to make a Ixorking solution. Trypsi¥EDTA
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(0.25%), TrypLE Express and Brefeldin A were also purchased from Thermo Fisher
Scientific. Trypan Blue was acquired from Sigilarich (Poole, United Kingdom).
Dimethyl Sulfoxide (DMSQO) was purchased from Fisher Scientifieiqkstershire,
United Kingdom).

2.1.4 Recombinant cytokines

Recombinant human interferan (I FN2 ) , Tumour Necrosi s
human InterleukirlO (IL-10), human Interleukid (IL-4) and human InterleukiB5

(IL-35) were obtained from Peprotech (Londbmited Kingdom). Human H35-Fc

was purchased by R&D Systems (Minneapolis, United States). Human granulocyte
macrophage colongtimulating factor (GMCSF) and macrophage coleny
stimulating factor (MCSF) were both purchased from ImmunoTools (Friesoythe,
Germany). Phorbol tthyristate 13acetate (PMA, code 1585) was purchased from
SigmaAldrich. All cytokines were diluted as instructed by the manufacturer and
stored at20 °C or-80 °C until required.

2.1.5 Materials for stable transfection

Expression plasmidsneoding the human EBI3 (EBI3 expression plasmidyre

2.1A) or human p35 (p35 expression plasmkly(re 2.1B) genes were designed by

Dr Xiaoging Wei. The negative transfection control plasmid (NF@)yre 2.1C) was
designed by me. It was identicalttee EBI3 expression plasmid but contained a-non
coding stuffer sequence in place of the EBI3 coding region. All plasmids were
manufactured by and purchased from Vector Builder Inc (Chicago, United States).
cDNA for the human EBI3 and p35 expression plalsmivere purified by the
manufacturer. cDNA for the NTC plasmid was prepared by MNesp purification of

Ecoli stock, as instructed by the manufacturer (Qiagen, Hilden, Germany). Plasmid
maps are shown below Figure 2.1 The Lipofectamine 2000 transfemti reagent,

and the antibiotics used for selectios418 and Puromycin, were purchased from

Thermo Fisher Scientific.
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(A

pUC ori

BGH pA

Ampicillin

Neo

CMV promoter

Kozak

hEBI3[NM_005755.2]

SV40 late pA

Component Name Nucleotide Full Name Description
Position
CAG 22-1754 CAG Strongpromoter
Kozak 17791784 Kozak Facilitates translation
initiation
hEBI3[NM_005755.2] 17852474 hEBI3[NM_005755.2] EBI3 gene
SV40 late pA 25192740 SV40 polyadenation signal Allows transcription
termination and
polyadenylation of mRNA.
CMV promoter 27443331 Human cytomegalovirus Allows high-level
immediate early promoter expression of marker in
mammalian cell lines.
Neo 33634157 Neomycin resistance gene Allows to select stable
expression clones using
G418.
BGH pA 42014425 Bovinegrowth hormone Allows transcription
polyadenylation termination and
polyadenylation of mRNA.
pUC ori (c) 52094621 pUC origin of replication Permits highcopy
replication and maintenanc
in E. coli.
Ampicillin (c) 62405380 Ampicillin resistance gene Allows selection of the
plasmid in E. coli.
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(B) Ampicillin
CAG
P35
pot-o 6333 bp
Kozak
BGH pA hIL12A[NM_000882.3]
Puro
SV40 late pA
CMV promoter
Component Name Nucleotide Full Name Description
Position
CAG 22-1754 CAG Strong promoter
Kozak 17791784 Kozak Facilitates translatiomitiation
hIL12A[NM_000882.3] 17852546 hIL12A[NM_000882.3] P35 gene
SV40 late pA 25912812 SV40 polyadenation | Allows transcription termination
signal and polyadenylation
of mMRNA.
CMV promoter 28163403 Human Allows high-level expression of
cytomegalovirus marker in mammalian
immediate cell lines.
earlypromoter
Puro 34354034 Puromycin resistance Allows to select stable
gene expression clones using
puromycin.
BGH pA 40784302 Bovine growth Allows transcription termination
hormone and polyadenylation
polyadenylation of mMRNA.
pUC ori 50864498 pUC origin of Permits highcopy replication
replication and maintenance in E. coli.
Ampicillin 61175257 Ampicillin resistance | Allows selection of the plasmid
gene in E. coli.
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Q

Ampicillin ~
N

8
N\

NTC

6066 bp

~CAG
/

T~ Kozak

- {Stuffer_300bp}

- 8SV40 late pA

\cmv promoter

Neo -/
Component Name Nucleotide Full Name Description
Position
CAG 22-1754 CAG Strong promoter
Kozak 17791784 Kozak Facilitates translation initiation
Stuffer_300bp 17852084 None None
SV40 late pA 21292350 SV40 polyadenation | Allows transcription termination
signal and polyadenylation
of mMRNA.
CMV promoter 23542941 Human Allows high-level expression of
cytomegalovirus marker in mammalian
immediate cell lines.
early promoter
Neo 29733767 Neomycin resistance Allows to select stable
gene expression clones using G418
BGH pA 38114035 Bovine growth Allows transcription termination
hormone and polyadenylation
polyadenylation of mRNA.
pUC ori 42314819 pUC origin of Permits highcopy replication
replication and maintenance in E. coli.
Ampicillin 49905850 Ampicillin resistance | Allows selection of the plasmid
gene in E. coli.

Figure 2.1 Expression plasmids usedrfstable transfectionPlasmid maps and component descript
corresponding toX) the EBI3 expression plasmiB)p35 expression plasm{€) Negative Transfection Conti

(NTC) plasmidare shown.
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2.1.6 Equipment for general tissueculture

General plastics including universal containers (30 mL), 0.22 uM sterile filters,
serological pipettes, cryovials, culture plates and flasks were purchased from Sarstedt
Ltd (Leicester, United Kingdom) unless otherwise stated. Microcentrifugs {(dde

mL) were obtained from StarLab (Milton Keynes, United Kingdom). 100 mm/ 20 mm
Cellstar petri dishes were purchased from Greiner@ie (Stonehouse, United
Kingdom). 10 mL syringes were purchased from Fisher Scientific. For microscopy,
an Eclipse T$00 microscope (Nikon, Tokyo, Japan) coupled to a Moticam BTW8
(Motic, Barcelona, Spain) camera system was used. Centrifugation steps were
performed using a Precision Durafuge 200 (Cambridge Scientific, Massachusetts,
USA). With the exception of centrifugan steps, all cell culture procedures were
performed in Astec Microflow Class Il laminar flow cabinets (Bioquell, Andover,
UK). Cells were cultivated in incubators (BINDER GmbH, Tuttlingen, Germany)
containing humidified air maintained at 37 °C, 5 % Ceubauer haemocytometer
counting chambers were obtained from Marienfeld Superior (L-Hdeégshofen,
Germany). Freezing containers were obtained from Nalgene (New York, USA) and

filled with isopropanol (Sigm&ldrich) prior to use.

2.2 Assay Materials
2.2.1 Revers Transcription quantitative PCR (RT-qPCR) materials

RNAse Zap was purchased from Thermo Fisher Scientific. The RNAeasy mini kit
used for RNA extraction was obtained from Qiagemetcaptoethanol and primers
were purchased from Sigrfddrich. RNA concentations were quantified using a
NanoVue Plus spectrophotometer obtained from GE Healthcare (Chicago, United
States). RNA quality was assessed using a Bioanalyser manufactured by Agilent
Technologies (California, United States). For reverse transcriptamgdn primer,
Moloney-Murine Leukaemia Virus (MMLV) reverse transcriptase, dNTPs
(deoxyribonucleotide triphosphate) and RNAsin were all purchased from Promega
(Hampshire, United Kingdom). 0.1 mL PCR tubes were obtained from StarLab. cDNA
synthesis was plarmed in a Gstorm GS1 thermocycler manufactured by Gene
Technologies Ltd (Essex, United Kingdom). For gPCR reactions, PowerUp SYBR

Green mastermix was purchased from Thermo Fisher Scientifiev8Bglates were
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loaded with samples using an automated/&fpon liquid handler, both purchased
from Eppendorf (Stevenage, United Kingdom). gPCR reactions were performed using
a QuantStudio 12K Flex thermocycler, acquired from Applied Biosystems

(Massachusetts, United States).

2.2.2 SDSPAGE/Western Blot materials

Radbimmunoprecipitation (RIPA) lysis buffer was purchased from Thermo Fisher
Scientific and supplemented with Protease Inhibitor Cocktail (cOntpleRrotease
Inhibitor Cocktail) (SigmaAldrich). The following materials were purchased from
Thermo Fisher Scidific. Protein concentrations within cell lysates were measured
using a Pierde BCA (Bicinchoninic acid Assay) kit. For SBRAGE (Sodium
dodecyl sulfate polyacrylamide gel electrophoresis), the NuPdge-tris mini gel
system was used, consisting of LOStiium dodecyl sulfate), Reducing Agent and
MES Running Buffer, precast2% bistris polyacrylamide gels (1.0 mm thickness)
and XCell SureLock mini gel tanks. The Novex Sharp PreStained Protein Standard
was used as a molecular weight marker. For Wedilatting, nitrocellulose mini
stacks and the iBlot 2 dry blotting system were used. Tv#6emas purchased for use

in washing buffers. SuperSigial West Atto Ultimate Sensitivity Substrate was
acquired for signal detection of low abundance proteins. Xfihag, the iBright
imager and its corresponding software were also acquired from Thermo Fisher
Scientific. Square petri dishes used for washing and staining steps were purchased
from Sarstedt. Ponceau S sodium salt was obtained from Cell Signalling Teeghno
(London, UK). To read plates during BCA assays, a FLUOstar Omega plate reader
was used (BMG Labtech, Aylesbury, UK) and used in conjunction with the Omega
and MARS data analysis software packages. Amersham Enhanced
Chemiluminescence (ECL) reagent dnygberfilm cassettes were purchased from GE
Healthcare. An autoradiographer used to detect protein bands was obtained from
AGFA Healthcare (Mortsel, Belgium). The Veriblot detection reagent was purchased
from Abcam (Bristol, United Kingdom). Antibodies atiakir sources are listed in
Table 2.6
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2.2.3 Immunoprecipitation/co-immunoprecipitation materials

A microcentrifuge tube rotator mixer was purchased from StarLab. Sheeparge

IgG dynabeads (clone #480) were bought from Thermo Fisher Scientific. The
Magnett Particle Concentrator was acquired from Thermo Fisher Scientific. Reagent
Diluent Concentration 2, used to prepare Bovine Serum Albumin (BSA) solutions,

was purchased from R&D Systems.

2.2.4 ELISA kits and materials

Nunc Maxisorp 96well microtitre plates, Twen20 and Sulphuric acid were
purchased from Thermo Fisher Scientific. Humar38_ELISA kits were obtained
from Cusabio (Texas, USA), or B@cean (Minnesota, United States). Human ONF
and IL-10 ELISA kits were purchased from Thermo Fisher Scientifianbiu EBI3
ELISA kits were obtained fromR&D Systems Where wash buffers were not
provided, a wash buffer containing 0.05 % PBS/Tw2@rwas madeWhere Stop
solution was not provided, it was prepared using dilution of sulphuric acid to 2N.

2.2.5 Flow Cytometry materials

The LSRFortessa cytometer, and the compensation beadsAfiti-Mouse g,

9/ Negative Control (BSA) Compensation Pl
BD Biosciences (New Jersey, United States). Staurasporine was purchased from
Sigma Aldrich. Round bottom polystyrene Fluoresceramivated Cell Sorting

(FACS) tubes were obtained from Corning (New York, United States). Round
bottomed 96well plates were from Sarstedt. Flow Cytometry Staining Buffer and the
LIVE/DEADE Fixable Green Dead Cell $teKit, were both acquired from Thermo

Fisher Scientific. Antibodies, TruStain FcX, FluoroFix Buffer and the APC Annexin

V Apoptosis Detection Kit with P/I, were all purchased from BioLegend (California,

United States).

2.2.6 Miscellaneous

A Hanna HI12210 pH metevas acquired from Hanna Instruments (Leighton Buzzard,
UK). A Scanvac freezdryer used during concentration of solutions was from Thistle
Scientific (Uddingston, UK).
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2.3 General Methods

This section provides a detailed description of the methods usedjhtiottuthe
project. Specific experimental details used in results chapters are described therein,

along with a short summary of the methods performed.

2.3.1 Cell Culture
2.3.1.1 Cell culture media

Established cell lines were cultured in RPMI40 culture medium supplented with
10 % FBS and 1 % P/S. Cell lines developed using stable transfection were maintained
in the same medium but were also supplemented with antibiotics required to maintain

selection pressurd éble 2.1).

Table 2.1 Transfected cell lines and antibiotics added to RPMI 1640

Developed Cell Line Antibiotic Supplementation
CHO-EBI3 G418 (500 eg/ mL)
CHO-NTC G418 (500 eg/ mL)
CHO-IL-35 G418 (500 e£€g/ mL) + Pu
FaDuEBI3 G418 (500 eg/ mL)
FaDuNTC G418 (500 eg/ mL)
FaDup35 Puromycin (1 e€g/m
FaDuIL-35 G418 (500 &g/ mL) + Pur

2.3.1.2 General cell culture conditions

Actively used cell lines were maintained in a humidified incubator at 5 % carbon
dioxide (CQ) and 37 °CPerior to use, all surfaces and equipment were cleaned with a
70 % v/v ethanol solution. Items that were not suppliegsggalised, such as PBS,

distilled water (dHO) and Eppendorf tubes, were sterilised by autoclaving (120 °C,
15 Ib/n?, 15 min). Cell citure reagents were warmed to 37 °C before use. Culture

experiments were performed in Class Il laminar flow cabinets with aseptic technique.
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2.3.1.3 Freezing and storage

FaDu, CHO, transfected cell lines, and H357 cells were resuspended in 90% RPMI
1640 (with FBSand P/S) diluted with 10% DMSO. THP1 cells were resuspended in
90% FBS and 10% DMSO. After resuspension, cells were evenly distributed into
cryovials. Cryovials were slowooled overnight at80 °C in freezing containers,
before transfer to liquid nitrogedewars for longerm storage.

2.3.1.4 Thawing

Frozen cells were rapidly thawed in a 37 °C water bath and transferred into a universal
container containing 9 mL of RPMI medium before centrifugation at 350 xg (adherent
cell lines) or 150 xg (suspension cell liné=)5 min. Supernatants were discarded and
the cell pellet resuspended in culture medium. Cell lines were then grown in tissue
culture flasks. Cells that died during thawing were removed by replacement of culture

medium the following day.
2.3.1.5 Subculture

Cellswere routinely passaged upon reaching 80% confluency (adherent cell lines) or
every 23 days (suspension cell lines). Adherent cells were washed with PBS and
incubated with 1 mL/25 chflask or 2 mL/75 cratrypsin-EDTA (0.25%) until cells

had detached &dm the flask surface. Trypsinisation was stopped by addition of 5
mL/25 cnfor 10 mL/75 criculture medium, followed by centrifugation for 5 min at

350 xg. Cells were resuspended in fresh culture medium and counted using a Neubauer
counting chamber. Cellwere then resuspended into specific seeding densities for

experimentation, or split 1:8:6 and subcultured in new flasks.

Suspension cell lines were passaged first by centrifugation (150 xg, 5 min) and
resuspension of cells in fresh medium. Cells ween tbounted and reseeded in

densities required for experimentation, or split1:8 and subcultured.

All cell lines were routinely tested and determined to be free of mycoplasma
contamination. This was performed by Dr Maria Stack (School of DentistrgjfCar

University) via PCR analysis of supernatant samples taken from confluent flasks.
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2.3.2 Reverse Transcriptioni Quantitative Polymerase Chain Reaction (RT
gPCR)

2.3.2.1 Celllysis

To lyse adherent cells, monolayers were washed with PBS before adding 350 pL of
RLT buffer (RNeasy Mini Kit) containing -Bhercaptoethanol. After a 5 min
incubation, cells were scraped and resulting lysates collected into microcentrifuge
tubes. Suspension cells were lysed by centrifugation (150 xg, 5 min) and resuspension
in 350 UL RLT. Lysates were stored &0 °C until required.

2.3.2.2 RNA extraction

Working surfaces and equipment were cleaned using RNAse Zap. RNA extraction
was then performed using the RNAeasy mini kit as instructed by the manufacturer. No
modifications or additional reagenigere added. DNAse | treatment was omitted.
Concentrations of purified RNA were quantified using a NanoVue Plus
spectrophotometer. 2 uL per sample was added, and absorbance was measured at 260
and 280 nm. Concentrations in ng/uL were calculated using thd&@Beer law.

All samples used displayed A260/A280 ratios equal to or close to 2.0. RNA integrity
numbers (RIN) of selected samples were obtained using a Bioanalyser instrument. 4
uL per RNA sample was provided to the Central Biotechnology Services@diffCa

University, where analyses were performed.

2.3.2.3 cDNA synthesis via reverse transcription

In 0.1 mL PCR tubes, the following was prepared. Volumes containing 1 pug, 500 ng

or 250 ng of purified RNA were diluted with 50 ng of random primer and autoclaved
Mili-Q water to make a total of 15 eL per s
and enable binding of random primer, sample tubes were heated at 70 °C for 5 min

and cooled to 4 °C. Reverse transcription was then performed using the Moloney
Murine Leukema Virus (M-MLV) reverse transcriptase, as instructed by the
manufacturer. Briefly, a reverse transcriptase mastermix was prepared in a sterile

mi crocentrifuge tube. This contai-Med a Vvc
MLV buffer (1X), 200 units oM-MLV enzyme, 10 mM dNTPs, 25 units of RNAsin,

and brought to total volume with autoclaved Miwater. To make a mastermix,
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these volumes were multiplied by the total number of samples, including
supplementary amounts for pipetting variation. 10 pmaktermix was then added to
each RNA sample tube, producing a total reaction volume of 25 pyL. For cDNA
formation to occur, sample tubes were placed into a thermocycler and incubated at 37
°C for 1 h before cooling to 4 °C. Produced cDNA samples were titvea st-20 °C

until use. For each experiment,-templatecontrol samples were prepared, which

included all reaction components used for reverse transcription except template RNA.

2.3.2.4 Primer Design

Primers were designed using the Primer BLAST tool from thgoNal Center for
Biotechnology Information (NCBI) database. Reference sequences were acquired by
searching for target gene mRNA. If several isoforms were present, the longest isoform
was selected. Where possible, the following parameters for primerndesige
applied: Product size must be between 70 and 200 bp. Melting temperature must be
a minimum of 59 °C, optimum 62 °C, and maximum of 65 °C with a maximum
difference of 3 °C between primers. Primers must span-exom junctions. Primers

must be betwen 1825 base pairs. GC content must be between 50 and 60%. Primers
must contain at least 1 GC clamp. Primers must contain a maximum of 4
oligonucleotide repeats. Primers sequences generated using these parameters were
then assessed using the OligoEvaltato software tool (Sigmaldrich,

http://www.oligoevaluator.coin Primers were only selected for manufacture if they

exhibited the following: no modifications, s econdary structure of
Weako or ANoneo, and no pri mer di mer s.
manufactured from Sigmaldrich. Upon retrieval, they were reconstituted to 100 uM

in autoclaved MilliQ water as instructed, aliqguoted and stote@@°C until use. All

primer sequences used in this thesis are listed bdlabid 2.2.
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Table 2.2 gPCR Primers
Gene Pri me Seguence Tm (°C)
to 3
dActin Forward AAGGATTCCTATGTGGGCGACG 69.9
Reverse GGCGTACAGGGATAGCACAG 64.5
GAPDH Forward CGACAGTCAGCCGCATCTTC 68.4
Reverse | ACCAAATCCGTTGACTCCGAC 67.2
HPRT1 Forward CCTGGCGTCGTGATTAGTGA 66.2
Reverse CGAGCAAGACGTTCAGTCCT 64.6
EBI3 Forward GAGCACATCATCAAGCCCGAC 69.2
Reverse | AAGGACGTGGCTTCAATGGG 68.3
P35 Forward TCCTCCTTGTGGCTACCCTG 66.4
Reverse AGAGTTTGTCTGGCCTTCTGG 64.6
P19 Forward GGGGAGCAGAGCTGTAATGC 66.0
Reverse TTCTCTTAGATCCATGTGTCCCAC 65.1
P28 Forward GAGGGAGTTCACAGTCAGCC 63.9
Reverse | AGGTGAGATTCCGCAAAGC 64.3
P40 Forward TGCCCAGAGCAAGATGTGTC 66.0
Reverse | AGTTCCCATATGGCCACGAG 66.0
GP130 Forward GCCATAGTCGTGCCTGTTTGC 68.8
Reverse | AATTGTGCCTTGGAGGAGTGTG 67.3
IL-1 2 Rb 2 | Forward CAGGCGACACGTGGAAGAATAC 67.7
Reverse GCTTCACAGTCACATCGCCTC 67.3
CD14 Forward CGGAAGACTTATCGACCATGGAGC 70.4
Reverse GGAGAAGTTGCAGACGCAGC 67.5
CD68 Forward TGTCTACCTGAGCTACATGGCG 66.3
Reverse CGAGAATGTCCACTGTGCTGC 68.3
CD11B Forward CCATGGCTCTCAGAGTCCTTCT 65.9
Reverse CTCCAACCACCACCCTGGAT 68.4
HLA-DR Forward AGCCTCTTCTCAAGCACTGGG 67.0
Reverse CCATCACCTCCATGTGCCTTAC 67.5
CD80 Forward CATTGTGATCCTGGCTCTGCG 70.2
Reverse | AGGTGTAGGGAAGTCAGCTTTG 63.4
CD86 Forward TTAGGTCACAGCAGAAGCAGCC 67.7
Reverse | AGCAGCACCAGAGAGCAGGAAG 69.3
CD206 Forward ACAAGAAACTGGGGCCAAGC 67.4
Reverse CACAGCCACGTCCCTTCAAC 68.0
CD163 Forward AACAGGTCGCTCATCCCGTC 68.7
Reverse CTCTTGAGGAAACTGCAAGCCG 69.1
IL-10 Forward GCGCTGTCATCGATTTCTTCCC 70.8
Reverse | AGTCGCCACCCTGATGTCTC 66.7
VEGFA Forward GTGCCCGCTGCTGTCTAATG 68.0
Reverse CCTCGGCTTGTCACATCTGC 68.3
PD-L1 Forward TGCAGGGCATTCCAGAAAGATG 70.3
Reverse CGTGACAGTAAATGCGTTCAGC 66.6
B7-H4 Forward CCTGGGGCAGATCCTCTTCTGGAGCATAA 68.9
Reverse CAGGATTCCATCCTCCCCAATGTTCCCA 67.8
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2.3.2.5 gPCR using Powerup SYBR Green

Quantitative Polymerase Chain Reaction (QPCR) was performed in line with the
MIQE guidelinegBustinetal. 2009) | n a
of cDNA was mixed with 1X PowerUp SYBR Green mastermix and 500 nM of

t ot al reastioy8@ngof 10
forward and reverse primers, all diluted in autoclaved Mllwater. cDNA and
mastermix solutions were loaded into 38édll microplates using an automated
EpMotion liquid handler. For each plate, in addition to samples, water only (water
used in place of cDNA) and rtemplate controls were also loaded. Plates were then
analysed for mRNA expression using the QuantStudio 12K Flex thermal cycler. PCR

cycle conditions are skam in the tables below.

Table 2.3 gPCR cycling conditions

Step Temperature Duration Cycles
UDG activation* 50 2 minutes Hold
DNA Polymerase .
activation 95 2 minutes Hold
Denaturation 95 1 second 40
Annealing/Extension 60 30 seconds

* Uracil-DNA glycosylasé prevents mutagenesis by initiating degradation of uracil from misprimed er non
specific products

Table 2.4 Melt (Dissociation) Curve conditions

Step Ramp rate Temperature Time
1 1.6°C/second 95 15 seconds
2 1.6°C/second 60 1 minute
3 0.15°C/second 95 15 seconds
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2.3.2.6 Relative quantification

Product specificity was determined via melirve analysis. Samples containing
multiple, nonspecific products were omitted from analyses. Relative quantification,
used to compare gene expression versus untreated controls, was calculated using the
Livak comparative 2*ppCT) met h o d . ne &pressidn wasthamalisedt g e
against stable reference genes via calculation of delta CT (DCT). To do so, CT values
of the designated reference gene were subtracted from that obtained for the target gene.
Mean DCT values (also known as delta delta CT (DD@/Ere then calculated in the
control group. Expression levels of the target gene in the treatment group, relative to
that in the control group, was then determined using the following equé&idah:
Change = 2MDCT (Treatment Group) i DCT (Control Group)). Mean Fold
Changes (+ standard error of the mean (SEM) or standard deviation (SD)) were

represented on thegxes of bar graphs charts.

2.3.2.7 Statistical Analysis

Statistical analyses were performed on untransformed DCT values using the GraphPad
Prism softwae (Dotmatics, San Diego, United States). Where three independent
experiment al repeats were performed, One

posthoc test, were used to compare means between treatment and control groups.

2.3.2.8 Selection of a stable reference gefte normalisation

In Chapter 3, to optimise the data obtained by gPCR, a stable housekeeping gene was
selected to normalise data during relative quantification. Three housekeeping genes
Hypoxanthine Phosphoribosyltransferase 1 (HRPT1), Glyceraldemptesphate
dehydr ogenas e -A¢tig vérddcHgsen ascdndidate reference genes as

they are commonly used in the literature. Primer pairs were designed and purchased

for each target. To test which gene was the most applicable for the Chapter studies,
RNA was extracted from FaDu and H357 cells that were left untreated, or stimulated
with either | Fd®andle3ds TNMFER,) .orl lelg of ext
used to generate cDNA. 8 ng of cDNA from each sample was mixed with 500 nM of

each primer paiand examined by gPCR (ran in triplicate). To select the gene with the

most stable Ct values across each test condition, both an algorithm derived from the
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Thermo Fisher Connect portal, and the gBase+ analysis software tool (Biogazelle,
Ghent, Belgium) wee used. The Thermo Fisher analysis tool generated a stability
score for each gene across all test conditions, of which the highest was selected.
Screenshots of the results are showBSupplementary data 2 gBase+ generated a
graph (Genorm M), which wassed to confirm the gene with the highest stability
score. Genorm M charts are also showSupplementary data 2 The most stable

gene was then used as a reference for normalisation in Chapter 3.

2.3.2.9 Calculation of Primer efficiencies

As primers in Chapter 3ave used extensively, gPCR efficiencies and amplification
factors were calculated for primer pairs. Two samples of HNSCC cell lines that were
treated with cytokines, and shown to express the gene of interest, were selected for
efficiency tests. From storé&®INA, 1eg was converted into cDNA and kept undiluted,

or a dilution series prepared by sequentially dilutirgglof RNA in milliQ water in

a 1in 10 ratio, up to six times.€2. of each prepared dilution was loaded onto gPCR
plates induplicate. gPCR reactions were prepared by mixing sample cDNA with 500
nM forward and reverse primer. Primers were then amplified by qPCR using the
cycling conditions described previouslggction 2.3.2.h Standard curves were
generated from outputs byagtling CT values for each primer against log DNA
concentrations. Linear regression was used to generate lines of best fit. To calculate
Amplification Factors (AF) and gPCR efficiencies, the slopes of these lines were
applied to the equations shown belowheTmean from two samples was then
calculated, which was used to report Amplification Factor and Efficiency values for
each primer. These values are showSupplementary Data 3

Amplification Factor (AFF 10"¢1/slope)

Efficiency= (AF1) X 100

Cardiff University [63] School of Dentistry



Richard Ali Chapter 2

2.3.3 Protein detection via Western Blotting
2.3.3.1 Cell Lysis

Cells in flasks were first harvested by trypsinisation and centrifugation. Cell pellets
were resuspended in 200 pLceld Radielmmunoprecipitation Assay (RIPA) lysis
buffer (containing protease inhibig) and incubated for 5 min at room temperature
before storage aR0 C. Cells in multwell plates were washed with PBS before 200
pL ice-cold RIPA was added. After 5 mins, cells were scraped with sterile pipette tips
and resulting lysates collected intocrocentrifuge tubes. Lysates were storee@t

C.

During experiments that examined cell lysates for detection of proteins that can be
secreted, the secretion blocker Brefeldin A (BFA) was usecdrfiL of BFA was
added to cell culture-8 h prior to ysis. BFA inhibits secretion by blocking transport

of proteins from the Endoplasmic reticulum (ER) to the Golgi apparatus. Thus, it was
used to increase intracellular concentration of detectable target protein within cell

lysates.

2.3.3.2 Quantification of proteinconcentratiori Bicinchoninic acid (BCA) Assay

The PiercE BCA protein assay kit was used to quantify total protein concentration

in cell lysates. Lysates were thawed and cell debris removed by centrifugation (15

min, 10,000 xg, 4 °C) and extraction of Ip&d with sterile pipette tips. BCA assays

were then performed in 9&ell microtitre plates as instructed by the manufacturer.
Standards were prepared by serial dilutioc
were loaded into plates, and 200 uL of wiatkreagent added to all wells. Following

gentle agitation for 30 s, plates were incubated at 37 °C for 30 min. Absorbance was
immediately measured at 570 nm using a plate reader. Absorbance within samples and
standards were blartorrected before unknowrprotein concentrations were

calculated using the gradients of standard curves.

2.3.3.3 SDSPAGE

To separate proteins by molecular weight, SE&/S5E analyses were performed using
the NuPagé bis-tris mini gel system, as instructed by the manufacturer. Firstly,

sampes were diluted to working concentrations in sample loading solutions. Sample
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loading solutions consisted of sample protein, Lithium dodecyl sulfate (LD&)
denature, linearise and provide proteins with a uniform negative charge, Reducing
Agenti contaning 500 nM dithiothreitol (DTT) to reduce disulphide bonds, and RIPA
buffer to bring to total volume. Loading solutions were prepared at a 20% volume
surplus to account for pipetting variation. Following a 10 min incubation at 70 °C,
samples were brieflgentrifuged and resuspended before loading into gelsce3te
polyacrylamide gels (10 wells; 2% gradient) were assembled into tanks filled with
MES running buffer. Samples and gm&ined molecular weight ladder were carefully

loaded into wells, and ¢tgewere run for up to 35 min at 200 V.

2.3.3.4 Western Blotting

Proteins were transferred from gels to nitrocellulose (NC) membranes using the iBlot
2 dry blotting system. Gels were assembled into NC stacks, placed into the machine
and proteins transferred fromelgto membrane as instructed by the manufacturer.
Transfers were performed using the 7 min programme consisting of 20 V for 1 min,
23 V for 4 min and 25 V for 2 min. Membranes were tpcedinto square petri

dishes containing distilled water.

To confim protein transfer, NC membranes were incubated for 5 min in Ponceau S
whilst agitated on a sesaw rocker. Lane positions were marked with a pencil. All
traces of Ponceau S were removed by repeated washing with TBST. Membranes were
blocked in 5% notfat dried milk diluted in TBST (Trisbuffered saline with Tween

20 detergent) for 2 h, or overnight at 4 °C. Unbound material was removed using
several wash steps on a-sasv rocker. To wash thoroughly, membranes were washed
twice with TBST, twice using a higbalt wash buffer, and once more in TBS to
remove excess Twee?D. Each wash step lasted 5 min. All subsequent washes were
performed using this sequence. Composition of all buffers are shown in the table
below (Table 2.5.

For staining of protein targetsiembranes were incubated overnight at 4 °C in primary
antibody (prediluted in 5% milk/TBST). Membranes were washed and incubated with
horseradish peroxidase (HRE&)njugated secondary antibody for 1 h at RT (room
temperature). Unbound material was rentbiag washing. Membranes were stained
with ECL reagent for 3 min in darkness at RT to enable visualisation of HRP. Protein
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bands were detected on membranes using an iBright imager or alternatively,
assembled into hypercassettes, exposed -tayxfiims and éveloped using

autoradiography.

In experiments where equal protein concentrations between samples were examined,
det ect-Adimwapused ko evidence equal protein loading. After detection of
target protein, membranes were washed, and and¢dRjagae d  aActiniantilbody
(pre-diluted in 5% TBST) added. Membranes were incubated for 30 min to stain. They
were then washed, and ECL reagent applied before signal detection by radiography or
use of iBright equipment. A list of all antibodies used for \WesBlotting is given in

Table 2.6 Concentrations used in each experiment are described within the relevant

results chapters.

Table 2.5 Western Blot Buffers

Buffer Composition
TBS 25 mM Tris, 0.15 M NaCl
TBST 25 mM Tris, 0.15 M NaCl, 0.1% Tween 20
High salt wash buffer 10 mM Tris, 500 mM NacCl, 0.1% Tween 20
Blocking Buffer 5 g powdered milk in 100 mL TB$

Table 2.6 - Western Blot Antibodies

Target ‘ Clonality ‘ Isotype Manufacturer Clone
Primary Antibodies
Anti-human EBI3 Monoclonal Mouse |Ig Biolegend A15058A
Anti-human p35 Monoclonal Rabbit IgG Abcam EPR5736
Anti-human p35 Monoclonal Mouse 1gG R&D Systems 27537
Anti-h(ag;’;l-hctinb Monoclonal Mouse IgG3 Abcam mAbcam 8224
Secondary Antibodies
Anti-Rabbit IgG (HRP) Polyclonal Goat IgG Abcam ab205718
Anti-Mouse 1gG (HRP) Polyclonal Rabbit Abcam ab6728
Anti-rrggg;sne(ﬁgit; heavy Polyclonal Goat Abcam ab97250

2.3.4 Immunoprecipitation/Co-immunoprecipitation

Immunoprecipitation was used to pull down p35 from cell lysates and supernatants.
Western Blotting was then performed on eluted precipitates to detect p35 or co
immunoprecipitated EBI3, which indicated presence of the3SLheterodimer
(EBI3/p35). To pregitate p35 from solution, 5Q@L to 1 mL of celllysate or culture
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supernatant per sample was transferred into microcentrifuge tubes and treated with 1
4 ug of mouse monoclonal aftB5 (Clone, 27537) antibody. Samples were incubated

overnight at 4 °C on a tube rotator to enable antitsodigen interamons.

Sheep antmouse IgG dynabeads were prepared as instructed by the manufacturer.
Briefly, the stock tube was vortexed for 30 s to resuspend beads in solution. The
required total volume for a given experiment was then aliquoted into a sterile
microcentrifuge tube. Dynabeads are magnetic, which enabled the use of a magnetic
particle concentrator to isolate beads against the sides of microcentrifuge tubes. By
repeatedly removing solution and resuspending beads in 0.1% BSA (prepared from
Reagent Diluen€oncentration 2, dissolved in PBS), beads were washed three times.
To capture and provide a solid support for mouse IgG orpaBits5 ant i bodi es,
of anttmouse IgG dynabeads were added to each sample containip@anBeaed
antibodyp35 complexes werleft to form by incubating samples overnight at 4 °C on

a tube rotator.

To elute protein complexes bound to beads, beads within each sample were first
washed five times in iceold PBS to remove unbound material. Beads were then
resuspended in SDBAGE sample loading solution. For immunoprecipitation
experiments, this consisted of: Dynabeads (50 pL), 50% LDS (25 pL) and 1X reducing
agent (10 pL), topped up to a total volume of 100 puL with PBS. Samples were heated
for 10 min at 70°C. Beads were isolatedsing the particle concentrator, and
supernatants containing befide eluates transferred into sterile microcentrifuge
tubes. Finally, sample eluates were loaded onto-BBGE gels and analysed for the
presence of EBI3 and p35 by Western Blottirgection 2.3.3.4. Primary and
secondary antibodies used to detect these proteins are described within relevant results

chapters. A full list of antibodies is shownTiable 2.6

2.3.4.1 Immunoprecipitation controls

Several controls were used during immunoprecipitatiosféfa Blotting
experiments Positive control samples were used to confirm antibody specificity
during the detection of EBI3 and p35 protein by Western Blot. For this purpose,
recombinant human H35, which was first reduced, and lysates or supernatams tak

from transfected cell lines which overexpress these subunits, were examined alongside
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test samples. Untransfected CHO or FaDu cells, in which subunits could not be
detected, were used as negative controls.

Immunoprecipitation controls included the confation of pulldown, IgG, input and
flowthrough controls. To confirm successful immunoprecipitation, p35 was detected
in eluates by Western Blotting. 19G controls (termed IgG control (beads only) in
Chapter results) involved the addition of amuse IgGlynabeads to solute samples
and the omission of anpi35 pulldown antibody. Western Blot analysis of this control
was used to detect cross reactivity of human protein tenamise IgG. To generate
input controls, a fraction of the total sample volume redsiced and analysed without
antibody or bead incubations. 2% of the total sample volume was used in the thesis
experiments. Flowthrough controls were generated by collecting and analysing the
unbound fraction of the sample, taken after immunoprecipitatitm the pulldown
antibody. Following incubation with aAp35, beads were isolated by magnetic
particle concentration and the liquid flowthrough collected rather than discarded. A
volume equal to that used for the input control was then reduced andexhaly
Western Blot. Input and flowthrough controls were derived from the same sample,
which was known to express the target proteins. Input and flowthrough controls are
used to assess pulldown efficiency. This was done by relative signal comparison
betwea the input control (before immunoprecipitation) and the flowthrough (after
immunoprecipitation). The degree of signal depletion thus provided an indication of

pulldown efficiency(Gerace and Moazed 2014)

2.3.5 EnzymeLinked Immunosorbent Assay (ELISA)

ELISA assays were used to detect target proteins in solution. Each kit was performed
as instructed by the manufacturer. \Whéhese materials were not provided in Kits,
the following were used. Assays were performed in Nunc Maxisewpedgnicrotitre

plates. Reactions were stopped by addition of 2 N sulphuric acid. Absorbances were
measured using a plate reader before blamkection and calculation of target solute

concentration using the gradient of standard curves.
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2.3.6 Transfection
2.3.6.1 Transfection using Lipofection

1 x 10 cells were seeded into 24ell plates and incubated overnight to enable cells

to reach 70% confluency. ey were then transfected with plasmid DNA using the
Lipofectamine 2000 reagent as instructed by the manufacturer. Briefly, Lipofectamine
2000 reagent, prepared at two concentrations to optimise transfection efficiency, was
diluted in 25 pL of serum free PRMI 1640 culture medium in two separate
microcentrifuge tubes. 1 ug of plasmid DNA was diluted into 50 pL of serum free
medium in another tube. The p2000 reagent was added to diluted DNA and mixed
well. 25 pL of DNA mastermix was then added to each oftweetubes containing
Lipofectamine 2000 and mixed, such that 500 ng DNA was added to each tube in a
1:1 volume ratio. After a 10 min incubation, mixtures were added to cells in a dropwise
manner. Cells were incubated for 48 h to enable transfection anceceVery to

occur.

2.3.6.2 Stable transfection via antibiotic selection

The EBI3 and NTC plasmids both contain the gene for resistance to neoRigaire (

2.1A and Figure 2.1Q. The p35 expression plasmid contains the gene for resistance
to puromycin Figure 2.1B). Stable transfectants were therefore positively selected by
treating cells with antibiotics. Culture medium from transfected cells was replaced
with that containing G418 (for neomycin resistance), puromycin, or both.
Concentrations of each antibioticaasfor transfected CHO and FaDu cell lines are
shown inTable 2.1 Cells underwent selection for -1@ days, replacing culture
medium every 2/3 days. At this time, untransfected cells and transfectants that did not
express the required antibiotic resisentarkers had died. Surviving cells were then
expanded and split into two populations. One was stored frozen in liquid nitrogen as
polyclonal stocks. The other was maintained in culture. The cells within this
transfected population were polyclorabme &pressed the gene of interest, and some
did not. To generate monoclonal cell lines derived from cells that expressed the gene
of interest, the cell population was first diluted into single cell cultures by limiting

dilution. This step was omitted for thelRB transfectants, as due to the plasmid not
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containing a gene of interest, this was not required. These were instead frozen until

use in experiments as a control.

2.3.6.3 Limiting dilution to generate monoclonal cell lines

Cells were resuspended at 5 cells/mL thrilL of culture medium. 100 uL of cell
suspension was dispensed into wells of av@8 plate using a multichannel pipette.
Cells were incubated until colonies had formed. Wells containing single colonies,
indicative of monoclonal populations, were labéNgth numbers and cultured further

until 70-90% confluency was reached. Each clone was then harvested and transferred
into 24well plates to increase in number. Once9M%%6 confluency was reached,
clones which had survived expansion were each split wbopopulations. Clones
cultured in the first population were each expanded progressively into larger
plates/flasks until grown to 780% confluency in T75 flasks. Frozen stocks were then
prepared and stored in cyrovials-80 °C. Those in the second pogitidn were

screened to identify which clones successfully overexpressed EBI3 and/or p35.

2.3.6.4 Generation of conditioned medium (CM)

To study the effects of secreted-3b, or its subunits, on the behaviour of cultured
macrophages, treatments with CM takem generated cell lines were used. To create
stocks of CM from each cell line, 5x1€ells were seeded into two T25 flasks in 5 mL

of culture medium. After 24 h, dead cells were removed by washing with PBS. Cells
were then cultured in fresh medium fduather 48 h. Generated conditioned medium
was pooled together from both flasks and debris removed by passing it through a 0.22
uM sterile filter. The flowthrough was then aliquoted into microcentrifuge tubes,
which were stored &80 °C. To account for @sible protein stability issues, each
aliquot was thawed only once before use and discarded afterwards.

2.3.7 Macrophage differentiation models

As commonly reported in the literatuiigsIP1 cells were used to generate macrophage
polarisation model§Chanput et al. 2014; Baxter et al. 202@pdels derived using
stimulation with the phorbol ester PMA are henceforth termed MO, M1 and M2. An
alternative M1 model was developed in daboratory that did not use PMA for

differentiation. To prevent ambiguity, these cells are described d&k&l1
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2.3.7.1 Generation of MO, M1 and M2 models

Optimal cell seeding numbers and volumes of culture medium were determined in
previous experiments. For RIPCR and ELISA experiments, 4¥1DHP1 cells were
seeded into single wells of 2¢ell plates within 500 pL of culture medium. For Flow
Cytometry experiments where a larger number was required® 2&ll9 were seeded

into two wells per sample within 2.5 ndf culture medium. Cells from two wells were
then pooled together prior to analysélese culture conditions were determined in

preliminary experiments.

As commonly reported, PMA was used to differentiate THP1 monocytes into
macr ophages f alL#stimdation boyrive pgl&fisatiom to M1 or M2,
respectivelyDaigneault et al. 2010; Chanput et al. 2014; Shiratori et al. 2017; Tedesco
et al. 2018) To differertiate THP1 monocytes into resting MO macrophages, seeded
THP1 cells were treated with 50 ng/mL PMA and incubated for 24 h. Cells were
washed gently three times and rested by addition of fresh culture medium. After a
further 48 h, macrophages were termed Wi®generate M1 macrophages, THP1 cells
were treated with PMA (100 ng/mL) and incubated for 24 h. They were rested for 48
h before stimulation with I FNo (20 ng/ mL
macrophages, THP1 cells were treated with PMA (3thhyand incubated for 24 h.
They were rested for 48 h before stimulation witkdl20 ng/mL) for a further 48 h.
Reagent concentrations, stimulation and rest times were determined empirically in

previous experiments.

2.3.7.2 Generation of Mt like cells

M1-like cells were used as an alternative model to support data obtained from PMA
derived M1 macrophage models. To generateliki cells, 2x10 THP1 cells were

seeded in 24vell plates within 1 mL of culture medium. For M1 polarisation, cells

were stimulated wittM-CSF (20 ng/ mL) for 72 h. I FNo
and cells incubated for a further 24 h before experimentafioiture conditions were

determined in previous experiments.
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2.3.8 3D tumour spheroids
2.3.8.1 Generation of 3D spheroids via hanging drops

Hanging drops were used to create 3D spheroid models. These were generated to study
the effects of FaDulerived IL-35 on macrophage polarisation. FaDu/FdDtB5 cell
spheroids were made in monoculture, or mixed 1:20 with M1 or M2 macrophages
(based on praous experiments)FaDu/FaDuIL-35 cells were harvested, and cell
density readjusted to 4 x 16ells/mL. M1 or M2 macrophages were also harvested,
and density adjusted to 2 x*I¢ells/mL. To generate FaDu/Faliu-35 spheroids, 25

uL drops of cell suspeaion was added onto the inverted lids of petri dishes using a
multichannel pipette. To cultivate hanging drops from FaDu/M1 or FaDu/M2 mixed
cultures, after adjustment to the cell densities described gbb ratios were
achieved by diluting macrophag#&d0 in FaDu/FaD4L-35 cells (final cell counts:
approximately 2x1Pmacrophages to 4xt@&aDu/FadtiL -35 cells).25 pL drops of

these mixtures were subsequently applied to petri dish lids. Lids were then placed onto
dishes filled with PBS to ensure thaglls did not dry out during incubation. 3D
spheroids were left to form by incubating petri dishes at 37 °C 5 ¥f@@p to 72

h.

2.3.8.2 Imaging and calculation of spheroid surface area

To visualise and capture images of 3D spheroids, lids containing hangpgwere
transferred onto fresh, empty petri dishes. These dishes were inverted and placed onto
a microscope stage. Spheroids were visualised at 4X magnification and ten images per
sample captured using a Motic digital camera. The surface area of sphweeoid
measured using the Image J software (National Institute of Health, Maryland, USA).
Images were first calibrated to a known measurement before the manual drawing tool

was utilised to calculate spheroid surface area.

FaDu cells, and those that werexed 20:1 with M1 or M2 macrophages successfully
formed spheroids, which were used to measure changes in spheroid area caused by
macrophage ceoulture Supplementary Data 11) However, spheroid formation

could not be achieved using FalDlu35 cells, nor cod spheroid formation be

replicated using FaDu cells. Thus, use of this method was ultimately abandoned.
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2.3.9 Flow Cytometry

Flow cytometry was used to detect expression of surface proteins in cultured
macrophages, and to detect apoptotic or necrotic FaDu/Ral3&6 cells following

mixed culture with macrophages.

2.3.9.1 Development of antibody panels

Two antibody panels were designed: one to detect an array of macrophage polarisation
markers(Macrophage Polarisation Paneli Table 2.7, and the other to detect
apoptotc and/or necrotic FaDu cell@\fjoptosis/Necrosis Panel Table 2.8. To

build these panels, the FluoroFinder 2.0 tool (Biolegend) was used. As several colours
were to be analysed, each panel was designed for use on the LSR Fortessa as
configured in the Hay Wellcome Building, Cardiff University. The FlouroFinder

tool enabled specific fluorophores to be assigned to each target antigen whilst
minimising spectral overlap. To decide the brightness of the conjugated fluorophore
for each antigen, expression l&vevere first inferred from gPCR data. Brighter
fluorophores were selected for lesser expressed genes, and dimmer fluorophores for
those highly expressed. Once antibodies were selected for each panel, they were
purchased from Biolegend and tested bothensure that the antibodies worked

correctly, and to determine antibody volumes to be used in subsequent experiments.

2.3.9.2 Compensation matrices

After validating each antibody, compensation matrices were generated to ensure
minimisation of spectral overlap. Tegerate positive and negative signals for each
individual antibody, antmouse Ig« compensation beads were used, as instructed by
the manufacturer. Briefly, one drop of unlabelled beads arddgds were added to
microcentrifuge tubes containing 100 glow Cytometry Staining Buffer. Antibodies
were added to individual tubes at volumes equal to that used in final experiments.
After a 30 min incubation at room temperature in the dark, tubes were washed once
by addition of Flow Cytometry Staining Buffemafixed by resuspension in 500 uL
FlouroFix Buffer. Samples were fixdédr 1 h at room temperature in the dark. After,
beads were pelleted by centrifugation (200 xG, 10 min) and washed once, before
resuspension in 200 pL Flow Cytometry Staining Buffeth@siwere stored at 4 °C in

the dark for up to 72 h prior to analysis using an LSR Fortessa. Siolgler analyses
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were first used to optimise voltages for positive and negative signals.
Autocompensation was then applied to minimise spectral overlap.

Compensation beads cannot be used for live/dead staining. Therefore, to apply
compensation for the Apoptosis/Necrosis panel, cells used in the applicable
experiments were treated with staurasporine (1 pM, 24 h) to induce cell death, and
either left unstainedor stained with the Apoptosis/Necrosis Panel. The positive

Annexin and P/I signals provided from this were used to apply autocompensation.

Cardiff University [74] School of Dentistry



Table 2.7 Macrophage Polarisation Panel

Antigen Conjugated Clone Isotype Isotype Volume used
Fluorophore Clone per sample
(HL)
Surface Staining Mastermix
CD14 APCFire750 MS5SE2 Mouse IgG2ay | MOPCG173 5
CD326 BVv421 9C4 Mouse IgG2ax MPC-11 5

(EpCAM)

HLA-DR PE/Cy7 L243 Mouse lgG2ak MOPC173 2.5
CD80 PE 2D10 Mouse IgG1k MOPG-21 5
CcD86 BV510 IT2.2 Mouse IgG2by MPC-11 5
CD206 BV711 15.2 Mouse 1gG1k MOPG21 5
CD163 BV785 GH1/61 Mouse IgG1k MOPG-21 5
CD204 APC 7C9C20 Mouse IgG2ax | MOPCG173 5

Flow Cytometry / / / / *To total 100
Staining Buffer pL per sample
Live/Dead Staining
LIVE/DEAD / / / / 100
Fixable Green

Table 2.8 Apoptosis/Necrosis Panel

Antigen Conjugated Clone Isotype Isotype Volume used
Fluorophore Clone per sample
(HL)
Surface Staining Mastermix
CD14 APCFire750 M5E2 Mouse IgG2ay | MOPG173 5
CD326 BVv421 9C4 Mouse 1gG2ax MPC-11 5
Staining Buffer / / / / *To total 100

UL per sample

Live/Dead Staining

Annexin V APC / Mouse IgG2ax | MOPG173 5
Propidium / / / / 10
lodide (P/I)

Annexin / / / / 400

Binding Buffer

2.3.9.3 Sample preparation Cell Culture, harvesting and Fc blocking

For experiments validating expression of M1 and M2 markers in M1 and M2
macrophagemodels, THP1 cells were differentiated and polarised into M1 and M2
macrophages within two wells of awell plate Gection 2.3.7 to ensure a large
number of cells for experiments. Polarised macrophages were lifted from well surfaces

by treatment with TrgLE Express for 10 min, followed by repeated trituration to
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ensure maximal detachment. TrypLE Express was used as a less cytotoxic alternative
to trypsin, and to preserve surface marker expression. The minimum duration of
TrypLE treatment required for mamal cell recovery was determined in previous

experiments. Harvested cells were resuspended at a density of tetid/nL.

For mixed culture experiments, FaDu or FalDe35 cells were first resuspended at 4

x 10 cells/mL. 1 mL of FaDu or FaBLL -35 cels were then seeded into wells of fresh
6-well plates. 1 mL of M1 or M2 macrophages were mixed with seeded FaDu or FaDu
IL-35 cells within wells, resulting in a 4:1 FaDu/Fau35 to macrophage cell ratio.
Cell mixtures were seeded in two wells each,djigj a total of 8 x 10FaDu/FaDu

IL-35 cells and 2 x FOM1/M2 macrophages per samplhis ratio was selected to
optimise effects of mixed culture, minimise potential loss of FaDucedllland ceH
surface adhesion, and to ensure enough macrophagegsreszat per sample for Flow
Cytometry analysis within the seeded cell codells were topped up to a total
volume of 5 mL with culture medium and plates gently agitated to ensure sufficient
mixing. Cells were incubated at 37 °C for 48 h to provide @efit time for potential
changes to occur. Monocultures of each cell type were also maintained for the same
duration for use as controls. After, cells were harvested via 10 min treatment with
TrypLE Express. Collected cells were washed twice using Flownstry Staining
buffer and centrifugation (350 xg, 5 min).

For experiments validating M1 or M2 polarisation, and those involving mixed culture,
Fc receptors were blocked by a 10 min incubation with TruStain FcX at room
temperature. Cells were resuspenaed00 puL PBS and aliquoted evenly into three
wells of round bottomed 9@&ell plates per sample. This ensured that between 8 x 10
and 1 x 16 cells were either unstained (Well 1), stained with the relevant antibody
panel (Well 2), or their correspondirsptype controls (Well 3ppproximately 1x16

cells or less ensured maximal antibody binding (as recommended by the antibody

manufacturer).
2.3.9.4 Surface staining for macrophage polarisation experiments

Cells in wells of rounébottomed 96éwell plates were firststained with a
LIVE/DEADE Fixable Green Dead Cell Stain Kit for 30 min at 4 °C. Cells were

washed three times using centrifugation (700 xG, 5 min, 4 °C) and resuspension in
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Flow Cytometry Staining Buffer. Mastermixes were prepared for both the
Macrophage Blarisation Panel and their corresponding isotypeble 2.7). Isotype
controls were used to assess the efficiency of Fc blocking. Cells were then stained with
the antibody mixture, or their corresponding isotypes, for 30 min in darkness at 4 °C.
Poststaning, cells were transferred to microcentrifuge tubes and fixed in 500 pL
FluoroFix fixation buffer for 1 h at room temperature in the dark. Cells were washed
once and resuspended in 400 pL Flow Cytometry Staining Buffer before transfer to
FACS tubes. Sapies were stored at 4 °C in the dark for up to 72 h, whereby protein
detection was analysed using an LSRFortessa. Up to 10,000 events were captured

using the flow cytometer.
2.3.9.5 Surface Staining for Apoptosis/Necrosis experiments

Cells in 96well plates werepelleted, and relevant wells stained with the
Apoptosis/Necrosis panel or their corresponding isotype controls (100 pL per sample)
(Table 2.8. Isotype controls were used to assess the efficiency of Fc blocking. Plates
were incubated at 4 °C in the dark 8 min. After, cells were washed three times
with Flow Cytometry Staining Buffer and apoptotic/necrotic cells stained with an
Annexin V Apoptosis Detection Kit with P/I, as instructed by the manufacturer.
Samples were subsequently transferred to FAC8stmd fluorescence analysed
immediately on an LSRFortessa. Up to 10,000 events per sample were captured using

the flow cytometer.

2.3.9.6 Analysis of Flow Cytometry data

Data obtained from the LSR Fortessa was uploaded onto the FlowJo analysis software
(BD Biosciences). Cells were gated via exclusion of debris. Doublets were excluded
to gate on single cells. In experiments where Live/Dead stain was used, Live cells
were obtained by gating the negative population. Cells were then gated to identify
those that weregsitive or negative for expression of target markers. Positive/negative
discrimination for each experimenthow it was determined where the uniform gate
separating positive and negative cells was set between all test samples, is explained in
detail in thesection below. The percentage of cells that were positive for expression
of the target marker was then calculated in FlowJo. The mean percentage across
experimental repeats was displayed in bar charts (+SEM) generated in GraphPad
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Prism. Percentages werengpared between test samples to ascertain whether changes
in target protein expression were associated with differences in culture conditions
(macrophage polarisation protocols or mixed culture of macrophages with FaDu
cells). Statistical tests were perfoed in GraphPad Prism to determine if differences

observed were statistically significant (detailed in relevant chapter methods).

2.3.9.7 Positive/Negative discrimination

To best discriminate the population of cells that were positive or negative for
expression of a target protein, uniform gates were set between all test samples. Gates
were set in a manner that minimised exclusion of positive cells across all samples.

Positive/negative discrimination for each experiment are described henceforth.

Validation of M1 or M2 polarisation in developed macrophage models THP1,

M1 or M2 monocultures were analysed for expression of their corresponding
polarisation markers (M1 HLA-DR, CD80, CD86, MZ CD206, CD163). After
gating on single live cells, dotiks were created using the target protein fluorescence
on the xaxis, and Live/Dead fluorescence on thaxys. Dotplots were smoothened

to help identify populations of high and low fluorescence density. A gate was then set
to separate cells that were pgos for expression of the target protein from those that
were negative. Positive/negative discrimination in this experiment was achieved by
comparing plots between all test samples, gating on the boundaries of common regions
of high signal density and eméng that less than 1% of cells were stained in the
unstained population. The gate was then applied in the same position for all test

samples.

Measuring changes in expression of M1 and M2 markers following mixed culture

with FaDu or FaDu-IL -35 cells- M1 or M2 macrophages were mixed in a 1:4 ratio
with FaDu or FaDtL-35 cells and analysed by Flow Cytometry to assess whether
IL-35 overexpression inhibited the M1 phenotype (Chapter 5) and promoted the M2
phenotype (Chapter 6) via regulating expression daea markers. After gating on
single, live cells, macrophages were identified by gating on the GO@@ffulation,
which excluded FaDu cells (confirmed to express CD326 in preliminary studies).
From the CD326 macrophage population, cells that expresseth emarker was
determined by gating on the positive population. Positive/negative discrimination was
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achieved by comparing plots from all test samples, and placing uniform gates with the
assistance of the following: positive controls, previously tested MilN2 control
samples and unstained cells. Gates were adjusted to minimise exclusion of positive

events across all test samples. A uniform gate was then applied to all groups.

Measuring changes in apoptotic and necrotic FaDu/FaDiL -35 cells following

mixed culture with M1/M2 macrophages.- FaDu or FaDdL -35 cells were cultured

alone or mixed in a 4:1 ratio with M1 or M2 macrophages. After staining, single cells
were identified. FaDu/FaDLL-35 cells were then gated by inclusion of CD326+
CD14 cells only.Positive/negative discrimination for Annexin V and P/I staining was
then achieved using the boundaries of the unstained populations, and regions of high

density between all test samples. A uniform gate was then set for all test samples.
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Chapter3

Regulation of IE35 expression in HNSCC cells by inflammatory
cytokines in the tumoumicroenvironment
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3.1 Introduction

Head and neck squamous cell carcinomas (HNSCC) are the sixth most common cancer
worldwide. While the adverdnd useof immune checkpoint inhibitoras treatment
prolonged survival, only a fraction of patients respond, andauesistance, overall
survival rates remain unsatisfactqierris et al. 2016; Larkins et al. 2017; Canning

et al. 2019; Galvis et al. 2020)herefore, there is a need for new approaches that

improve responses to immunetapies.

To improve immunotherapies, research must elucidate novel mechanisms leveraged
by tumour cells to dysregulate immune cells in a manner that facilitates immune
escape. Such mechanisms may reveal targets, that when modulated, could reverse
immune sppression and improve responses when used in combination with other
immunotherapies. Research in this Chapter seeks to fill this gap by implicating the
production of the immunosuppressive cytokine Interleukin 3538), as a novel
mechanism used by HNSCe€lls to adapt to inflammation. By producing-35,

tumour cells may use this cytokine to suppress thetamipur activity of immune

cells in the TME, thus representing a novel escape mechanism that could potentially

be targeted in novel immunotherapies.

3.1.1 Immunoediting

Responses to immunotherapies can be regulated in part by the nature of the immune
infiltrate in the TME. HNSCCs (particularly HPV+) commonly show inflamed or

i mmunol ogically fAhoto TMEs, that 1s, tho
pro-inflammatorycytokines. However, these environments become edited by tumour

cells to enable them to escape detection and elimination. The mechanisms leveraged

to escape immune surveillance are thought to be involved in resistance to
immunotherapiegAllen et al. 2015; Chen and Mellman 2017; Trujillo et al. 2018)

The concept describing how tumours are able to manipulate the tumour
microenvironment (TME) to escape immunosuigece is hamed immunoediting

(Dunn et al. 2004)

Immunoediting, described briefly, begins with cell transformation. Transformed cells
express tumour antigens which alert the immune system. Infiltrating immune cells

destroy tumour cells and secreteprm f | ammat ory cytokines suc
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(Elimination). | F Namplifies antitumour immune responses by enhancing antigen
presentation, recruitment of additional immune cells, and by promoting apoptosis in
tumour cells(Platanias 2005; Sharma et al. 2017; Jorgovanovic et al. ZD20F U
alsoassists innflammatory responses by recruiting and activating immune cells, and
in some instances can cause tumour cell déatia et al. 2021)t is thought that this
inflammatory response acts as a selective pressure, eliminating highly immunogenic
tumour cells, and selecting for the survival of less immunogenic tumour cells.
Outgrowth of cells that survive this phase are held dormant by the pre$@mosune

cells and cytokines (Equilibrium). However, this can lead to chronic inflammation.
Inflammation can damage tissues, promoting DNA damage and genetic instability
(Pua et al. 2020)This provides an environment for surviving tumour cells to adapt t
inflammation by acquiring traits which help them avoid detection and destruction from
immune cells. They manipulate immune cells to behave in a way that blocks anti
tumour immunity and promotes tumour aggressiveness. Immune escape describes
tumours thatuse these mechanisms to exhibit immunotolerdbean et al. 2004;

Benci et al. 2016; Greten and Grivennikov 2019)

In HNSCC, mechanisms that facilitate immune escape mechanisms inelude:
inhibition of detection bymmune cells, through decreased expression and mutations
in tumour antigens, or defective MHC | or antigen presentation machinery. Tumour
cells can also increase expression of checkpoint proteins in their own cells or
surrounding immune cells, preventingnmne cell activity upon engagement with
tumour cells. Additionally, they can recruit and reprogram immune cells using
chemokines and immunosuppressive cytokines (such-a9€)ILThese mechanisms
inhibit the activity of anttumour immune cells and help $otian immunosuppressive
TME (Elmusrati et al. 2021(reviewed in Chapter 1).

Tumour cells in HNSCC may leverage escape mechanismsctdeeate disease
progression and confer resistance to immunotherapies. To improve responses to
immunotherapies, it would therefore be beneficial to identify novel escape
mechanisms that can be targeted, potentially as an adjuvant with existing thesapies, t

overcome resistance and strengthen thetantour immune response.
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3.1.2 Interleukin 35 (IL-35)

Interleukin 35 is an immunosuppressive cytokine belonging to th&2 Ifamily
(Mirlekar and Pylayevdsupta 2021)Each cytokine in this family are heterodimers,
structural |y c osujuutsimidrtoddb , a asebunielddd toU
the IL-6 receptor (Ik6 RU) . T hsecanedimeribeanterchangeably, potentially
resulting in the formation of several cytokines. Cytokines in this family includeIL
(p35/p40) 1-:23 (pl9/p40), 1L27 (p28/EBI3), 1-:35 (p35/EBI3) and IL39
(p19/EBI3)(Kobayashi et al. 1989; Devergne et al. 1997; Oppmann et al. 2000; Pflanz
et al. 2002; Wang et al. 2016%haring of these chains enables highly flexible
responses to immunological stimulL-12, IL-23 and IL-39 are preinflammatory
while IL-27 and IL-35 are consideresnmunosuppressivéMirlekar and Pylayeva
Gupta 2021)

IL-35 is expressed mostly in Tregs, induced Tregs and Bregs, but can also be
expressed in macrophages and cancer ¢etiag et al. 2013; Wang et al. 2013;
PylayevaGupta et al. 2016; Hao et al. 2018; Lee et al. 201\M)en secreted from

these cells, I35 can beransduced in target cells via four receptor combinations
gpl30/Il-1 2 Rb 2, gpl3R/RHEAVBRALIA Ticells,and I-2 7 RU/ | L

1 2 b RB cells(Figure 3.1) (Collison et al. 2012; Choi and Egwuagu 2039w

IL-35 interacts witithesereceptors and mediates downstream signalling is not well
understoodIn T cells, IL-35 can signal through gp130and1ll2 Rb2 homodi mer
gp130/I-1 2 Rb 2 heterodi mer s. Though-12R%i2gn al
heterodimers is thought to be required for maximal immune supprd€xtison et

al. 2012) Furthermore, ithnuman lung cell cancer cell lines-85 is thought to require
IL-12Rb2 for s i g mesalting in rmeserscldymrapithelial riransition

(MET) (Lee et al. 2018).

Downstream of the receptor, -B5 is transduced using th#&anus kinase/signal
transducer and activator of transcription (JAXAT) signalling pathway
STAT1/STAT4dimers areused T cellsand STAT1/STAT3 in B cellsto promote
transcription resulting in imune suppressiorFigure 3.1) (Collison et al. 2012;
Wang et al. 2014 Alternatively, ung cancer cell lines were shown to use the JAK2
STAT6-Gata3 axis to facilitate metastatic colonisatibee et al. 2018)mportantly,

IL-35 signal transduction has been shown to induce endogen@isdkpression in
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T cells and some cancer cell lif€ollison et al. 2012; Wetzel et aD21) Therefore,
it is possible that IL35 expression may be accumulated by positive feedback in the
HNSCC TME.

IL-35

x;;iﬁiiffﬁiﬁiﬁ{ﬂ% ISAERRAREESEY i t%?ﬁsmié’% R

IL-35 1L-35 IL-35

1 /
@ @ o0
1 N

f.'.:"_’STATkifii\psrAT:;j ‘ '_fpsrAT_{*: :f\bSTATd )

b N/

B cell T cell

Figure 3.1 Interleukin 35 (IL -35) signalling in T and B cells.

Adapted from(Choi and Egwuagu 2021).

3.1.3 IL-35in HNSCC

Research into the role of 485 in HNSCC is limited. lrvivo data has suggested that
IL-35 is expressed in some HNSC@gang et al. 2013; Zhang et al. 2015; Wu et al.
2017) However, there is a gap in the literature pertaining to its expression in tumour
cells, and how this expression is regulated by inflammation in the TME. The purpose
of this Chapter was to fill this gap by investigating whether inflammatory cytokines
upreguate IL-35 expression in HNSCC cell lines.

Preliminary studies in Dr Xiaoqging Wei 6s
HNSCC <cells with I FN> was able to cause
expressionFurthermore  TNF U st i mudd &BI3 egpressiop Additipudf a t

both | FNo and TNFU cul minated in overexp

IL-35 expression had been induced. As previous reports had shown Bat IL
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concentrations increase with disease progression in several cédudsll et al.

2014; Larousserie et al. 2019; Gu et al. 2021; Zhang et al. ,28#1 Yhat IL35 may

be accumulated in producing cells by positive feedlf@chtlison et al. 2012; Wetzel

et al. 2021) it is possible that inmmunologically escaped tumours, tumour cell
expression may also be regulated by immunosuppressive signals in the TME,
including IL-35 itself.

Based on thes&ndings, the following Chapter contributes to the research area by
hypothesising the following: immune cells in the inflamed HNSCC TME produee pro

I nfl ammatory cytokines including | FNo an:t
cells, causing the upregtilan of EBI3 and p35 expression, and their association as

the immunosuppressive 4B5 cytokine. Expression may also be increased by
transduction of immunosuppressive signals including3Lproduced in the TME. To

obtain evidence supporting this hypothesie following aims and objectives were

devised.

3.1.4 Aims and Objectives

1 Evaluate whethestimulation with preinflammatory cytokines promagethe

upregulation of 1L35 expression in HNSCC cell lines

0 Using RTgPCR, assess whether IENand TNRJ alone, or in
combination, elevates EBI3 and p35 gene expression in HNSCC cell

lines using RIgPCR.

o Confirm EBI3 and p35 upregulation is associated with35
expression by assessing changegene expression of alternative- IL

12 chains in response to grdlammatory gtokine stimulation

o Confirm EBI3, p35 and I£35 protein production in stimulated HNSCC

cell lines.

1 Evaluae IL-35 upregulation in response to amflammatory cytokine

stimulation

0 Assess whether EBI3 and p35 gene expression are elevated in response

to gimulation with IL-10 and Il-35, alone or in combination.
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This research has important implications as it may reveal a novel immunoediting
mechanism used in HNSCC. If tumour cells respond tangf@ammatory cytokines

by increasing IE35, which may also beslevated by exogenous -B5 signal
transduction, accumulated-B5 in the TME could suppress atiimour immunity

and may contribute to resistance to immunotherapies. This may implic8tedk a
biomarker of disease, and a potential target for use adjavant to improve responses

to immunotherapies.

3.2 Chapter Methods

In this Chapter, several general methods were used that are explained in detail in
Chapter 2. Here, information relevant to chapter experiments are given. For detailed
methods of the followg assays, refer to the sections noted in parentheses. To detect
changes in genexpression, RPGPCR was usedSection 2.3.2 To detect protein
expression, ELISAsSection 2.3.5 SDSPAGE/Western Blotting Jection 2.3.3,
immunoprecipitation and emnmunoprecipitation $ection 2.3.4)techniques were

performed.

3.2.1 Evaluation of the effects ofproinflammatory cytokines on IL -35
expressionin stimulated HNSCC celllines

3.2.1.1 Evaluation of IL-35 gene upregulation in response to stimulation with
pro-inflammatory cytkines

FaDu and H357 cell lines were used as HNSCC moBels6 h stimulation studies
with increasing doses Falucdlsvire seedadht 2X1I8 F U
cells/mL in 24well plates. As they are larger, H357 cells were seeded at 6.5x10
cells/mL. For 48 h timeourse studies, FaDu cells were seeded at 0°%ell8/mL in
12-well plates to prevertells from reachingonfluency. Seeded cell lines were then

incubated overnight at 37 °C.

It was firstassessdwhethed F N2 , T N intteased I35 (EBIhand p35pene
expression in a dosgependent manndfaDu and H357atls were treatetbr 6 hwith

0 ng/mL (culture medium only), 1 ng/mL, 10 ng/mL, or 100 ngiohleach cytokine
alone or in combinatiarThese conditions were seledtas effects were seen using
100 ng/mL for 6 h in previous experiments in our laborafdext, © evaluate changes

in gene expression over timeaDu cells were treated with culture medium (mock
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treatment), or 100 ng/mL of each cytokial®ne, or in comimation (determined to
induce changes in preliminary studieSglls werancubated foO h, 6 h, 24 h or 48 h
as previous studies showed variance in gene expression between thegkltiases

et al. 2004)and to assess early and late changes in gene expressibaDu cells

were the main cell line used in this project, H357 cells were omitted frorrcbonse

analyses to limit costs.

Following stimulation, banges in gene expressiohIL-35 (EBI3 and p3pwere
analysed by RTGPCR. RNA was extracted from cultured cell lysates using spin
columns. MMLV reverse transcriptase was used
into cDNA. 8 ng of cDNA per sample was mixed with PowerUp SYBR green
mastermix, along withmpi me r sActif (@nternabreference gene), EBI3, or p35
(forward and reverse primer sequences showralrle 2.2). Primers were amplified

on a QuantStudio 12K Flex thermocydeonditionsdescribed irSection 2.3.2.5All

gPCR samples in this Chapteereloadedin triplicate Sample numbe(n=3).

For data analysi$ to obtainan estimabn of basal gene expressidor all genes
studied in this Chapter mean CT values obt aiAcieid f or
untreated cellswere divided by mean CTalues for each target geire untreated

cells, and multiplied by 100Basal gene »pression in each cell line was then

represented in bar €Abtia expressioa Bo determme if cent a

cytokine treatmens increased gene expressiohtarget genes relative to untreated
cells, output data was first normalised to the internal control reference gene. Increases
in target gene expression were then represented in graphs as mean fold changes (27\(
PpCT) ), tormRkNAadetected in untreated cells (O ng/mL in deessponse
studies, or untreated samples at each timepoint in-donese studiesOne Way
ANOVA and Dunnettés post hoc test were

DCTs were statistically significan

3.2.1.2 Evaluation of changes in gene expression of alternativelR chains in
response to pranflammatory cytokine stimulation

To provide evidence that stimulation of HNSCC cell lines with N o TNFU or
upregulated gene expression 0f3b and not thadf alternative cytokines in the iL

12 family,inducedchanges in mMRNA expression of p19, p28 and p40 subunit chains
were investigated. 8 ng of stored cDNA fraamples generated Bection 32.1.1,
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weremixed with primerpairsfor p19, p28or p40 Table 22). Changes in mRNA
expressiorof each gene weranalysed by gPCR as described above (1§S8ktion

3.2.1.1). In instances of significant gene downregulation, negative fold chaveges
calculated using the following equaticfi/Fold change and represedtin bar charts

as values below zero. One Way ANOVA and
evaluate if differences in mean DCTs were statistically significant.

3.2.1.3 Detection of EBI3 protein

To identify increased protein expression of EBI3stimulated FaDu cells, many
methods were used. First, 58X@lls were seeded into 6 well plates in 5 mL culture
medium per well and incubated overnight. Dead cells were removed by replacing the
culture medium. To create test samplbased on RTPCR dataand to allow
sufficient time for stable protein productiotells were treated with culture medium
(untreated control), or culture medium containing 3Fedd TNFRJ (100 ng/mL), and
incubated for6 h, 24 h, 48 hor72h. 0 € g/ mL wWAgaddedS heforenthe A

end of each treatment to minimise protein secretion. After each timepoint had elapsed,
cells were lysed using 2@ of RIPA buffer. 20eg of total protein per sample was
loaded onto SD¥AGE gels500 ng oftotal proteinfrom transfected-aDu @lls that
overexpress L35 (FaDulL-35, generated in Chapter 4) waso loadeds a positive
control. EBI3 protein was detected by Western Blotting using the following
antibodies: mouse monoclonal anEBI3 (Biolege nd, 1 € g/ mpdyflon@nd r at
antrmouse |1 gG ( HRP) .(Aitibodyacamcentfatio@s werg dptimiséd
prior to useNext, to help identify EBI3, the experiment was repeated with the intent
of increasing the amount of protein available for detection. Protein cortcamdra
separated by SDBAGE were increased from 20 to&f per sample. Blotted proteins

were then probed for EBI3 expression using the antibody pair described.

As an alternative to Western Blotting, ELISA assays were also used to detect EBI3
secretion. FAu cel |l s were seeded and treated w
above, with the exemption of Brefeldin A treatment. After each timepoint had elapsed,
culture supernatant was collected and stored 80 °C. Upon completion of all
treatments, frozen supeatants were thawed. Supernatants from transfected cell lines

that overexpress H35 (Chapter 4) were also prepared as positive controls. To detect
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expression and upregulation of secreted EBI3 in supernatants, a commercial EBI3
ELISA kit was used as instrted by the manufactureR&D Systems).

Next, as cytokine treatment may have been cytotoxic, to assist in protein detection by
increasing cell viability and concentration of EBI3 secreted into culture media, the
following experiment was performe@x1(® FaDu cells were seeded in 1 mL culture

media within24we |l | pl ates. Cell s were stimul atec
and TNFU (5, 10, 20, or Culuresupdrnatantswérer 2 4
collected and analysed by ELISA to detect secrE®Ri3.

After this, experimental parameters were changed to increase the concentration of
EBI3 produced from cells, and thus detectable by ELIS.® FaDu cells were

seeded into T25 flasks and incubated until 90% confluency was redcked.l FNO may
be cybtoxic, it was omitted. As a potential inducer of EBI3 a time and
concentratiordependent manneihigher concentrations and longer timepoints of
TNFU stimul atAifarerwerreep |taecsitnegd . medi um, cel |
at 0 ng/mL, 100 ng/mL, ZDng/mL or 500 ng/mL concentratior@ells were incubated

for 48 h, 72 h or 96 MAfter, 5 mL of supernatant per sample was collected and frozen

at 1 80 °C. Frozen supernatants were concentrated 10X by firégzeg and
reconstitution into5 0 0 ¢ distillenl fwater. Upon reconstitutiorsamples were
immediately analysefibr detection of EBI3y ELISA.

3.2.1.4 Detection of p35 protein

To detect upregulation of p35 protein in stimulated FaDu cells several approaches
were used. Firsgs performed for EBI3 detectioghix 1F FaDu cells were seeded into

6-well plates containing 5 mL culture medium per well and incubated overnight. FaDu
cells were untreated, or stimulated with
h or 72 h. Lysat es we ufferper saimplee c2t Oe do ri n5 02 0&0¢
total protein per sample was loaded onto STE gels. 500 ng of lysate taken from
FaDuIL-35 cells (Chapter 4) was loaded as a positive control. P35 expression was
analysed by Western Blotting using the following antiesdRabbit monoclonal anti

p35 (Abcam, 1:2000 dilution) and an HRBnjugated goat antabbit IgG secondary

anti body (Abcam, 0.2 &g/ mL).

Cardiff University [89 School of Dentistry



Richard Ali Chapter 3

Next, experimental conditions were changed to increase p35 signal in sample lysates.
2x1(P FaDu cells were seeded agbwn in T25 flasks until 90% confluency was
reached. As | FNo may be cytotoxic at hi g
treated with 1 ng/mL or 10 ng/ mL of Il FNO
Brefeldin A (3.0 ¢ gdaallysis. mmanopaedigtaion was h pr
used to enrich p35 before detection by Western Blotting. Lysates were collected into
500 e L RI'PA buffer as recommended by T
i mmunoprecipitated i n sampl e g ofvmoase over n
monoclonal antp35 (R&D Systems) antibody, followed by overnight incubation with

50 €L of -meuseedyrmabeads tysate taken from FHD35 (Chapter 4)

cells were also treated as a positive control. Bound protein was eluted from beads, a

the eluate analysed for precipitated p35 via Western Blotting. The following
antibodies were appliedrabbit monoclonal arp35 (Abcam, 1:500 dilution), HRP
conjugatedgoatantiabbi t | gG secondary antibody (A

3.2.1.5 Detection of IL-35 prokin

Several methods were used to detee3fLin stimulated FaDu cells. First, commercial

human 11-35 ELISA kits were used. 1 x i&aDu cells were seeded into T25 flasks

within 5 mL culture medium and incubated overnight performedfor initial
WesternBlotting experiments to detect EBI3 and p2Blls weremock-treatedby
replacing medium, or stimulated with medi
each) for 6 h, 24 h, 48 h or 72 h. Culture supernatant was collected and analysed for
secretion of IL35 using an ELISA kit purchased from B@cean. As the assay
sensitivity had a minimum detection limit of 4 ng/mL, samples were also analysed

using an alternative kit from Cusabio, which had a lower detection limit of 62.5 pg/mL.

Both assays were performesliastructed by the manufacturer.

As an alternative to ELISA, emnmunoprecipitationNestern Blotting assays were

also used to detect interacting EBI3 and p353H) in concentrated lysates and
supernatants. 5x§&aDu cells were seeded into two T25 flagler sample. Cells were
cultured overnight and treated wihtoh 20,
48 h. A lower range oftimepointswas used as proteins in each sample were
concentratedand due to limitations in available SIPAGE gel wells Increasing

cytokine concentrations were used to detect -diependent changes in protein
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expressionBrefeldin A was added to the first set of T25 flaskentweasesignal in

lysates, and omitted from the remaining set to enable secretion into culture
swpernatant. To prepare lysate samples, cells were lysed in 1 mL RIPA and each
sample divided into two 50€L aliquots (for separate detection of EBI3 and p35). To
prepare supernatant samples, 5 mL was collected from cultured cells and frbzen at

80 °C befae concentrating 5X via freexlrying and reconstitution in 1 mL ddH20.

Each sample was divided into two 50 aliquots for separate detection of EBI3 and

p35. To perform cammunoprecipitation, p35 was immunoprecipitated in all samples

by addi nagtip835¢e  R&fD Systems) as described
supernatant taken from FaBlu-35 cells (Chapter 4) were used as positive controls.

IgG controls, where a control sample was treated withraatisedynabeadsbut no

antibody, were analysed a@s negative controto assess antibody cres=activity
(explained in detail inSection 2.3.4.1 To confirm p35 precipitation, Western
Blotting was performed using an anpi35 (Abcam, 1:2000) antibody paired with a

goat antirabbit 1gG secondary antibodfy Ab c a m, 0. 2 €g-) . To
immunoprecipitated EBI3, Western Blotting was performed usingeBit8 antibody

(1 eg/ mL) a imdusealgG2pohaatvy cham t(HRP) (1:5000) secondary
antibody. The secondary antibody used was intended to prevent maskii)3

bands following detection of the IgG light chain from eluted-p&6.

The experiment wasext optimised to increasé-35 gene expression and assay
sensitivity. FaDu cells were seeded and grown to 90% confluence in pairs of T25
flasks as descréd above. Treatment parameters were adjusted to reduce cytotoxicity
from I FNo, and to maxi mise eampedanRT oki ne
gPCR data)Cytokines were added at staggered timepoints. Cells were treated with
TNFU (200 n gmLifara otal of 9®hAo promote accumulation of EBI3.

l FNo2 (1 ng/mL or 10 ng/ mL) was added in
after addition of TNFU, to induce p35 up
collected as described above. Lysatend supernatants taken from CGHG35

(Chapter 4) or FaDillL-35 cells (Chapter 4), were used as positive controls.
Immunoprecipitation was performed using a lower amount ofp8&i(1.5¢q) to

prevent saturation afynabead$®y unbound antibodysDSPAGE/Western Blotting

was used to detect precipitated p35 within eluates. Initially, p35 was detected using a
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mouse antp 35 anti body (R&D Systems, 1 eg/ mL
antibody (1:200 dilution). Blots were subsequently washed and probed ighex
concentration of the rabbit monoclonal go85 (Abcam, 1:300) and the HRP
conjugated goat antia b b i t |l gG secondary anQoi body
immunoprecipitated EBI3 was detected using Western Blotting with a higher primary
antibody concenéttion (antEBI1 3, 1. 7 e€g/ mL), combined wi
antibody (Abcam, 1:200), used to prevent masking of EBI3 bands by IgG light chains.

After staining,to improve the sensitivity of signal detectithe SuperSign& West

Atto Ultimate Sengivity Substratevas used. This idesigned to detect the capture of
atto-gram concentrations of target protein. Bands generated were analysed to detect

EBI3 and p3Xxo-expression.

3.2.2 Assessment of I-35 gene upregulation in response to antnflammatory
cytokine stimulation

To investigate whether stimulation of HNSCC cell lines with -arftammatory
cytokines affected #35 gene expression, FaDu cells were seeded at 2cell€mL

into 24well plates. 0.5 x10cells/mL of H357 cells were seeded into\#dll plates.
Seeded cell lines were incubated overniglbtmatch experimental conditions for pro
inflammatory cytokines, als were treated witthe recombinan@antiinflammatory
cytokineslL -35, IL-10,alone or in combinatio(L00 ng/mL, 6 h)RNA was extacted

and converted to cDNA as previously descrif8dction 2.3.2 8 ng of cDNA was

a d d e dActtn,0EBIB or p35 primers. Primers were then amplified by qPCR in a
thermocycler. Changes in expression of EBI3 and p35 in stimulated cells were
representedsafold changes relative to untreated cells (n€8)e Way ANOVA and

Dunnettds post hoc test were used to ev

statistically significant.

3.2.2.1 Evaluation of IL-35 receptor expression in HNSCC cell lines

To evaluate whethehé selected HNSCC cell lines were able to respond -86]L

their expression of K35 receptor chains was investigated. 8 ng of cDNA from
untreated cel |l s w-adin, gpil30 and IL1t 20R bp2r,i maenrds af noprl
by gPCR (n=3)Basal gene expressi was analysed as described ab(vection

321) , and expresse-ActmG&Gl. a percentage of b
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3.2.2.2 Assessment of changes in485 receptor chain expression in response to
pro-inflammatory cytokine stimulation

To investigate whethegro-inflammatory cytokinesauld increase expression of-L

35 receptor chains, c¢cDNA generated from I
orboth Section 3.2.1.}, were mixed withgpl30andiL 2 Rb2 pri mer s. Pr i
then amplified by gPCRChangesn gene expression in a dedependent manner

were shown as fold changes relative to untreated cells (0 ng/mL). Changes occurring

at increasing timepoints were represented as fold changes relative to untreated cells at
each timepoint(n=3). One Way ANOVAand Dunnett éds post hoc
evaluate if differences in mean DCTs were statistically significant.

3.2.3 RT-qPCR optimisation - Selecting a stable reference gene, calculation of
primer gPCR efficiencies and RNA integrity

To optimise the gPCR studiegnformed in this Chapter, the most stable reference

gene under the conditions used, was selected for FaDu and H357 cells. To determine
this, cDNA taken from FaDu and H337 cell
and IL-10, were mixed with primers for s commonly used housekeeping genes.
Primers were then amplified by gPCR. CT values were assessed using the
ThermoFisher Connect portal and the gBase+ analysis softward@ lheainost stable
housekeeping gene across the tested conditions was selecteaDioraRd H357

studies. Data is shown iBupplementary Data 2 Detailed methods are given in

Chapter ASection 2.3.2.8

Amplification factors and gPCR efficiencies were calculated for primseslin this

chapter by serial dilution of selected RNA sampledowed by amplification of each

primer Section 2.3.2.9 Results were calculated from the slope of generated standard
curves and are shown Bupplementary Data 3. To assess RNA integrity, RNA

samples generated in this Chapter were sel@otedver aange of test conditiong

eL per sample was analysed wusing a Bioa

integrity. All tested samples yielded a scor® of aboveSupplementaryData 1).
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3.3 Results

3.3.1 Evaluation of IL-35 upregulation in response to stimulation with pre
inflammatory cytokines

It was hypothesised that inflammation induces88.expression in stimulated HNSCC

cells. During an antiumour response, immune cells prodtiece pro-inflammatory

cytokines IFN and TNRJ Preliminary data showeithatIFNo  cingluce p35 gene
expression, and TNF cirmduce EBI3 expression in stimulated FaDu digles
Stimulation with both cytokinesncreased gene expression of EBI3 and pBEb.

explore this further, the first Chapter aimasvto evaluate theffects ofthe pro
inflammatory cytokinesFNo  aTiNEJ , al one or onexpressomfbi nat i
EBI3, p35 and IE35in multiple HNSCC cell lines

3.3.1.1 Effects of IFNoon EBI3 and p35 gene expression in HNSCC cell lines

The first objective was to investigat¢hether IFNd st i mul at i o485 can i
gene expression by elevating thatbofth EBI3 and p3%n stimulated HNSCC cell

lines. FaDu cells were shown to exprdsBI3 and p35 mRNA at low levels when
unstimulated Supplementary data 4. RT-gPCR data irFigure 3.2A and Bshows

thatlFNo st i mul at iiocreasedip8bmené expressistimiublation for 6 h

with 1 ng/ mL | FNo2 was asep3btoleveleidid higher si gni
than in untreated cells (p <0.0@figure 3.2A). Raising the applied dose did not
correlate with furthemcrease in expression, with similar levels detected across all

testedconcentrationsKigure 3.2A).

When assessinghanges over time, daitadicatedthat IFN9 stimulationinduced p35
upregulation in FaDu cellssanearly responsdRelative to untreated cellsgsificant
increases in p35 were highaster6 h of treatmentl(3-fold, p <0.09, reduced slightly
after 24 h 9-fold, <0.05 and hadeturned to baselindtar 48 h (Figure 3.2B). IFN2
stimulationdid not significantly increasgeneexpression of EBI3Titrating the dose
from 1 to 100 ng/mL (6 h treatmentlid not correlate with elevations i&EBI3
expression (Figure 3.2A). However, prolonged exposure tt-No did appear to
increaseEBI3 expressionn a timedependent mannewith the highest upregulation

observed after 48 h {#ld), though this was not statistically signific§htgure 3.2B).
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Thus,the data suggested thatF Nitmnemay not increase H35 gene expression in
hypopharyngeal FaDu cells, as it increased p35 expression, but not that of EBI3.

When viewed under the microscope, reduced cell numbers and appearance of cell
debris were presentfolo wi ng st i mul ati on of FaDu cel |l :
and times data not shown). It is therefore possible that high concentrations and/or

prol onged e xwascywotokieto hypmpharydéal carcinoma cells.

In unstimulated H357 cells, p3&expressed at low leveEBI3 is expressed also, but

at higher levels than in FaDu ce{BupplementaryData 4). As shown inFaDu cells,

IFNo stimulation significantly upregulated p35 expresgiigure 3.2C). 1 ng/mL for

6 h was sufficient tanduce a 4fold increase (p <0.05)ncreases did not correlate
with dosage appliedas similar magnitudes were observed at all tested concentrations.
Similar to FaDu cells] F Ndtd not induce upregulation of EBI3 in H357 cells,
regardless of increasingrcentrationgFigure 3.2C). Therefore, data from both cell
lines shovedthat stimulation with IFId mayupregulate p3& HNSCC cellsputmay

beinsufficient to increase H35, as it @ not significantly raiseEBI3 expression.

3.3.1.2 Effects of TNFUon EBI3 andp35 gene expression in HNSCC cell lines

l't was next investigated whether TNFU col
RT-gPCR data acquired is shown kigure 3.3 I n FaDu celibns, TNF
significantly increased EBI3 expression in positiarelation with time and dose

applied. 1 ng/mL for 6 h was enough to cause-folincrease (p <0.00XJFigure

3.3A). Increasing the dose correlated with elevated expression, reaching lefats 40

higher than untreated cells when 100 ng/mL was added.(001). Increasing the

duration of stimulation raised gene expression frorfod@ increases after 6 h (p

<0.0001), to 8dold higher after 48 h (p <0.01figure3.38) . TNFU di d not
p35 expressionn FaDu cells regardless of increasing con@mns or time under
stimulation Figure 3.3A,Figure 3.38) . | n H357 <cells, TNFU ;¢
affect gene expression of EBI3 or p¥Fagure 3.3C). The data therefore revealed that

TNFU st i maylinducel geme upregulation of EBI3 in hypopharyalg

carcinoma cells, but ndhat of p35, and by extension, 18 5 . Further mor e,

stimulation may not affect EBI3 or p35 expression in oral carcinoma cells.
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3.3.1.3 Effects of IFNo and TNFUon EBI3 and p35 gene expression in HNSCC
cell lines

As| F Nipregulatech35, andT N FEBI3, it was next evaluated wheth@mbined
stimulation with both cytokines coulthduce IL-35 upregulation in stimulated
HNSCC cells.In treated FaDu cellsl ng/mL treatment for 6 h was sufficient to
significantly increase expressionlwsth EBI3 and p3335 upregulatiowas highest
aftera 6 hstimulationwith 1 ng/mLof both cytokine¢10-fold, p <0.0@), a magnitude
which was maintained across all testedcentrationgFigure 3.4A). Similartol F N2
alone, when testing changes over timdouble stimulation induced significant
increases in p35 after 6 h (1dld, p <0.05) which peaked after 24 h {fbdd, p <0.01)
and returned to baseline by 48 $imilar to T N F tteatment, double stimulation
significantly increased EBI3 in a dedependent manner, with the highest elevation
observed after use of 100 ng/mL {#4d, p <0.00Q) (Figure 3.4A). Increases also
correlated with time under stimulation, rangingniré4-fold after 6 h (p <0.00D to
268-fold after 48 h (p <0.01(Figure 3.4B).

In H357 cells,double stimulation also increased p35 and EBI3 expresBim was
significantly increased after stimulation with 1 ng/mL of both cytokine®l@ p
<0.05), amagnitude which was maintained with increasing doses of both cytokines
(Figure 3.4C). Double stimulation caused a minor increase in EBI3 expression at 100
ng/mLwhichwas statistically significant (1-#ld, p <0.05)Figure 3.4C) Therefore,
the data sugged that combined stimulation withF MwdT N Fiklthe TMEmay
induce an adaptive response whereby8H_genes are significantly upregulatied

stimulatedhypopharyngeal and oral carcinoma cells.
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Figure3.2l FNo2 increases gene expression of p35RT-9gRCE
data showing changes in gene expression of EBI3 and p35 in FaDu cells stimulatedFaro (1,
ng/mL, 6h) (A), or 100 ng/mL for 6, 24 or 48 B) . Data from H357 cell s ty
6 h) (C) are also shown. Fold changes shown are relative to untreated cells at each timepoint. Data
mean + SEM(n=3). Statistical analyses performed on DCT values using One WM and Dunn
Significance measured by comparing mean DCT from each treatment group to that in untreated cells. *
** =p<0.01
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Figure33TNFU increases gene expr ess i.RhgPORdat&EsBdwhg cham
in gene expression of EBI3 and p35 in FaDu isulatedfor 6 hwith T N F(I, 10 or 100 ng/mL)A), or 10(
ng/mL for 6, 24 or 48 hR). Data from H357 cells treatdédr 6 hwith T N F(I, 10 or 100 ng/mL)) are als
shown. Fold changes shown are relative to untreated cells at each timepointpstnts mean + SENh=3).
Statistical analyses performed on DCT valuesusingOne WM and Dunnett és tes
by comparing mean DCT from each treatment group to that in untreated cells. ** = p <0.01, *** = p <0.0
= p <0.00Q.
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Figure 3.4 Stimulatonwi t h | FN2 and TNFU increases gene.RT;
gPCR data showing changes in gene expression of EBI3 and p35 in FaDu cells stirfiouldell with
| FNo + TINFOr 100 ng/mL)A), or 100 ng/mL for 6, 24 or 48 B). Datafrom H357 cells treatefbr 6 F
with | F N o + TINI® 0r 100 ng/mL)) are also shown. Fold changes shown are relative to untreated
each timepoint. Data represents mean + SEM3). Statistical analyses performed on DCT values using
Way ANOVAand Dunnettdés test. Significance measur.:
that in untreated cell$.= p <0.05, ** = p <0.01, ** = p <0.001, **** = p <0.0001.

Cardiff University [99] School of Dentistry



Richard Ali Chapter 3

3.3.1.4 Confirmation of IL-35 induction via assessment afflammation-induced
upregulation of alternative 11-12 family cytokines

EBI3 and p35 chainassociatewith other subunitan the IL-12 family to form

alternative cytokineg~ollowing observations thgt35 and EBI3 are upregulated by

| F NandT N F, [ wasimportant to assess whether shechangesvere associated

with IL-35 upregulation, opotentially that of other cytokines. To determine this, it

was investigated i f stimulation of HNSCC
combination, increased ge expression of the remaining-12 subunit chaingp(9,

p28andp40).

The p19 chain can form the putative cytokine Interleukin 393@).in association
with EBI3 (Ecoeur et al. 202019 is expressed at low mMRNA levels in resting FaDu
cells(Supplementarydata 4). gPCR data depicting changa$19 expressiooaused
by proinflammatory cytokines is shown Figure 3.5A-C. Treating FaDu cells with

I FNo ( 1for® b didmbt)ncrease pl9 expression, instead caasignificant
decreaseHigure 3.5A). Increasing theloseapplied reducedhe magnitude op19
downregulation, with effects ranging fran®-fold (1 ng/mL, P <0.01) te 3-fold (100
ng/mL I F Np <0.01) (Figure 3.5A). Prolonged exposuré | F Nappeared to
increase p19 expression, with #dBd increase in MRNA (relative to untreated cells)
observed after 48 h of exposure, though ithiseasenvas not statistically significant
(Figure 3.5B).

Similar to FaDu cellsp19 is expressed in resting H357 c¢8sipplementary Data
4).1 F Nlong/mL or 10 ng/mL) alssignificantly reduced expression after Ggure
3.50). Thus, the results demonstratbdt stimulation of HNSCC cell lines thil F N 2

may not induce upregulation of p19, and therefore39.

Treatment of FaDu cells with N Fittreased expression of p19 (relative to untreated
cells) in a dos@lependent manner, with the highest increadel@ p <0.05) observed
following exposure to 100 ng/mL N F Bigufe 3.5A). Thistrend was similar to that
observed with EBI3 expressiofFigure 3.2A). Furthermore, like EBI3, pl9
expression was also increased with time under stimulation, reaching aOdwoéd 5
higher than unstimulated controls after 48 h (p <01p@Bigure 3.5B, Figure 3.2B.

As shown with EBI3T N Fhad no effecon p19 expression in H357 celBigure
3.5C, Figure 3.20. Thedatathereforesuggested that, in FaDu cellsut not H357
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cdls, as EBI3 and pl@xpressiorare elevated T NF U s mayimduced 39 o n

expression.

Stimulationof FaDu cellswith bothl F NedTNFU, caused a del ayed
increase in p19 expression. After 6 h, double stimulation, at all tested catiosist

did not increase p19 expressibayond that in untreated cefaDu cells(Figure

35A, Figure 358 . In a similar trend tovasTNFU t
significantly increased with prolonged exposure both cytokines reaching
expressiondvels84-fold higher than untreated cells after 48ph<(0.000) (Figure

3.5B). In H357 cells, stimulatin with both cytokines (6 h,-100 ng/mL ng/mL)id

not increase pl9 expressi@figure 3.5C). Thus the data suggests thstimulation

wi t h ahdA NNoF together may result in increased pl9 expression, potentially
culminating in 1L:39 (EBI3/p19) formation in FaDuhypopharyngeal carcinoma

cells, but not H357dral carcinomgacells,though timecourse data may be required to

confirm this.

P28 carassociate with EBI3 to form the cytokine InterleuRin (IL-27) (Pflanz et al.

2002) |l ts gene expression could not be de
TNFU alone had no ef f e mtofbotmcytokinds €nabledl o we v €
detection of very low levels of p28 expression after 24 h, which was maintained after

48 h (Figure 3.5D). In H357 cells, p28 is expressed at very low levels
(Supplementary Data 4 . | FNo, TNFOU, or sti@uwoati on
ng/mL), did not increase expression of p28 afterBigure 3.5E). The data therefore

indicated that stimulation of HNSCC cells with prdlammatory cytokinesnay not

significantly increase expression of p28, and timag not induce =27 producton.

P40 can associate with p35 to form1R (Kobayashi et al. 1989)ts expression could
not be detected in untreated nor treated FaDu or H357 dat ilot shown). Thus,
the data suggested that [|-RMdesaceltypesr TNFU
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Figure 3.5 Changes in pl9nd p28 expression in stimulated HNSCC cell lineszaDu and H357 cells we
treated with | FNo and TNFU, alone or in combi
with 100 ng/mL for 6, 24 or 48 h. Changes in gene expression of p1and2®0 were examined by RIPCR
Fold changes in p19 expression in FaDu cells with increasing concentrations of cytokine are siAgyanit
time under stimulation inB). Changes in p19 expression in H357 cells are show@)irdhanges in expressi
of p28in FaDu cellsareshownid as a percentage of -Aota&nr3). Changés-
p28 expression in H357 cells are displayedgh Data showing Fold changes are relative to untreated cells
in those bar charts represen¢an + SEM. n = 3. Statistical analyses were performed on DCT values usi
Way ANOVA and Dunnettds test. Significance was n
treatment group to that in untreated cells. * = p <0.05, ** = p <0.01, *** = pG4).0"** = p <0.0001.
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3.3.1.5 Confirmation of EBI3, p35 and IL-:35 protein production in stimulated
HNSCC cell lines

AsgPCRdats howed that | FNo2 and TNFU can upreg
FaDu cells, the next objective was to confirm protein production of each subunit, and
formation of the(EBI3/p35) IL-35 cytokine. First, FaDu cells were examined for
upregulation of EBI3rotein in response to pinflammatory cytokine stimulation.
Following stimulation with | FNo and TNFLU
could not be detected using ELISA or Western Blotting, either in treated or untreated

cells data not showr). Despite repeating the experiment and lowering the
concentration of each cytokine, which may have improved cell viability, EBI3
remained undetectable by ELISAata not showr). To maximise EBI3 expression,

FaDu cells were subjected to high concentratiorE fF U ( 100 ng/ ml , 20
500 ng/mL), and an increased duration of time under stimulatior9g48).
Supernatants were also concentrated by a factor of 10. Under these conditions, EBI3
protein still could not be detected in any of the test sample€biSA (data not

shown). Therefore, assays performed in this study failed to detect upregulation of

EBI3 in FaDu cells stimulated witi N F, & a combination of F NwdT N F U

Investigations were undertaken to detect upregulation of p35 piateitimulatel

FaDu cells Similar to EBI3, p35 protein could not be detected by Western Blotting in
cells stimulated with bot k2 h).FIdoreduesend TN
cytotoxicity, FaDu cells were next stimwatwi t h | ower concentrati
10 ng/mL).Regardless of using immunoprecipitation to enrich p35 from lysites,

could not be detected by Western Blott{8gipplementaryData 6). Thus the assays

performed could not detect upregulation of p35 protein expression in FaDu cells

stimulated with pranflammatory cytokines.

It was also evaluated whether upregulation of th83Lheterodimer could be detected

in stimulatedFaDu cells. Commercial human-B5 ELISA kits could not detect any

IL-35 in supernatants taken from untreated FaDu cells, northdsesu | at ed wi t h
and TNFU ( 172 B)(datagnbtrsiiown. A kit purchased from Bi®cean

did not detect any signalithin samplesThe kit from Cusabio wademonstratedon

specifiaty of antibodies as itletected signal in negative controlherefore, & an

alternative approach, @mmunoprecipitation wasattempted, with the intent of
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detectinginteracting EBI3 and p35. Lysates and supernatants from cells stimulated
with increasing doses of | FoNcontra sachples,NFU w
EBI3 and p35 could not lmetectedFigure 3.6). EBI3 was detected in the 1gG control

sample witln supernatantdigure 3.6D), thoughthis was likely due to spillover from

a neighbouring lane, as it is absent in lysates and as antibody chains weeteaisald

To create conditions that may have maximised upregulation of both p35 and EBI3
based on qPCR dat a, FaDu cell s were trea
hi gher TNFU, added at staggered timepoint
sensitivity, including concentration of samples, and application of an ECL reagent that
detects attogram protein concentrations, neither EBI3 nor p35 could be detected by
co-immunoprecipitation/Western Blotting. Use of tMeriblot antibody failed to

facilitate detection of EBI3 or p35 in control sampl&upplementary data 3. Re

stainingof these samplewith an alternative an{p35 antibody enabled detection of

p35, but only in control sampléBigure 3.7A and B). Faint bands detected at around

80 kDa n cell lysate samples were deemed-spacific, as they were artifacts of ron

specific binding by the Veriblot antibod¥igure 3.7A, Supplementary data J. In
supernatant samples, bands around 62 kDa (labelled NS) and 50 kDa, corresponded to
artifacts from norspecific binding of thé/eriblot antibody to the 1IgG heavy chain

and unintended targe(sigure 3.7B, Supplementary data Y. Similar nonspecific

band were also observed in EBI3 bl¢fsgure 3.7C and D. In summation, increases

in protein expression of EBI3, p35 or-B5, could not be detected in FaDu cells
stimulated with | FNo and/ or TNFU.
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cells were stimulated with IFN and TNRJ for the concentrations and times shown. P35
immunoprecipitated from lysates and supernatants. Western blotting was used to detect precipitatedd
B) and ceimmunoprecipitated EBI3Q and D). NS; nonspecific signal. Signals at approximately &8 5(
kDa correspond to detection of the IgG light and heavy chains eluted from theS8&rantibody used f
immunoprecipitation(n=1).
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Figure3.7Det ecti on of interacting EBI 3 and p 35abugell
were stimulated with IFNland TNFJ) i n a st a g g ¢he eodcentationgngfml) andstiings ghow
Lysates and supernatants were concentr®@slwas immunoprecipitated from lysates and supernatants. V!
blotting was used to detect precipitated p85a6d B) and ceimmunoprecipitated EBI3Q and D) with the
addition of Supersignal ECINS; nonspecific signal. Signals at approximately 28 and 50 kDa corresp
detection of the IgG light and heavy chains eluted from thep@&&tiantibody used for immunoprecipitati
(n=1).
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3.3.2 Evaluation of IL -35 upregulation in response to antinflammatory
cytokine stimulation

The next aim was to investigate whether -amftammatory cytokines present in the
tumour microenvironment could stimulate HNSCC cells causing ufaegn of IL-

35. IL-35 levels are high in immunosuppressive TMEs rich in-iaflammatory
cytokinesIL-35 haalso been shown to stimulate its own gene expression in receiving
cells (Collison et al. 2012; Wetzel et al. 2021) is possible therefore, that anti
inflammatory cytokines may regulate-85 expression, and that exogenouss may

elevate expression in tumour cells. To evaluate this, HNSCC calMiere stimulated

with IL-35 and IL-:10, alone or in combination. RJPCR data shown iRigure 3.8
demonstrated that neither cytokine was able to elevate gene expression of EBI3 or p35
in FaDu Eigure 3.8A) or H357 cellsEigure 3.8B).

As stimulation withIL-35 had no effect on gene expression of EBI3 or p3as
investigated whethdfaDu and H357 cellsxpress the 35 receptor chains required
to transduce the signaRT-gPCR data showim (Figure 3.8C)indicatedthat gp130
is expressed both in FaDudahl357 cell linesIL-12Rb2 is expressed in FaDu cells
but not in H357 cellsThe data therefore suggedthatwhen unstimulatedhe tested
HNSCC cell lines expresd at least one of the IB5 receptor chains required to
respond to IE35. Simulation with exogenous K35 dd not result in elevation of
endogenougene expressiorurthermore, the aninflammatory cytokine IE10 was
unable tancreasdL -35 expression ithe testedtHNSCC cellswhen added alone, or

in combination with 1=35.
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Figure 3.8 Effects of IL-10 and IL-35 stimulation on gene expression of EBI3 and p3:RT-gPCR dat
showing changes in EBI3 and p35 expression DuFA) and H357 B) cells treated with I£10 and 1L-35 (10(
ng/mL, 6 h) alone or in combinatioRold changes shown are relative to untreated.2#ta repesents mean
SEM. (n=3). Statistical analysesere performed on DCT values using One Wal@VA and Dunn
Significancewas measured by comparing mean DCT from each treatment group to that in untreat
Untreated cells were examined for eagsion of the IL35 receptor chains gpl130 and-1L2 R fC2. Gene
expression is represented an@anpercentagé+SEM)o f -Ackin CT. (n=3).
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3.3.3 Assessment of changes in H35 receptor chain expression in response to
pro-inflammatory cytokine stimulation

Recombinant IE35 had no effect on endogenous EBI3 and p35 expression in resting
HNSCC cell lines. These cells were also shown to express low orh®@IIRb 2 chai n
to help facilitate signalling. Previous studies havewahthat, h several cancer cell

lines, stimulation withTNFU upr egul at ed elxpRrbe2s scihoani no f w
primed cells to respond to 485 signalgLee et al. 2018)In addition, gp13@p130

receptor signalling may only have biological roles ir6lisignalling cascadgsdam

et al. 2009; Suthaus et al. 2011t)was therefore hypothesised that, in addition to
upregulating 135, preinflammatory cytokines may also induce increases in receptor

chain expression. This may be necessary to facilitate transduction of asitacdn
paracrine 135 signals. Signalling through4L2 Rb2 homodi mer s or
12Rb2 heterodi mers may then resul3 in f
expression in HNSCC cell lind€ollison et al. 2012)To begin explang this, the

next objective was to investigate whetHel= NB N F Wr both, ould increase
expression ofhe IL-35 receptor chaingpl130 and IE1 2 R i 2timulated HNSCC

cells

3.3.3.1 Effects of IFNoon IL-12Rb2 and gp130 gene expression in HNSCC cell
lines

Relative to untreated cells, F Nvas found to significantly increase gene expression

of IL-1 2 R BnA gp130 in FaDu celld& ng/mL1 F Nvas sufficient to increasi -

1 2 Rib RaDu cells after & (12fold, ns) Figure 3.9A and B. Lowerconcentrations

(1 and 10 ng/mL)aused maximal increasesith expression levels remaining at
baseline wherd00 ng/mLwasapplied Figure 3.9A). However when ncreasing the

time cells were stimulatedith 100 ng/mL, this positivelgorrelated with elevains

in IL-1 2 R hehe expressiorMagnitudes of gene upregulatioeacted statistical
significance after 24 h (i®ld, p <0.00Q) and increaedfurther after 48 h (8%old,

p <0.00Q) (Figure 3.9B). 1 F Nnmluced a delayed elevation in gp130 expression

FaDu cells. No increase was observed after 6 h, regardless of tested concentration
(Figure 3.9A). When assessing effects over timieid48 h,100 ng/mLI F Naused

a significantly increasén gene expression of gp130 in FaDu cellsq@l, p <0.01)
(Figure39B) . Data from treated H357 cells als
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gpl130 expression after 6 Rigure 3.90). It did not induce expression of{L. 2 Rb 2 ,
as expression remained undetectablg not showr). Thus the data demonstrated
that in hypgpharyngealcarcinomacells, but notoral carcinomacells, | F Nmay

increase expression of both-85 chains|L-1 2 R &nd gp130.

3.3.3.2 Effects of TNFUon IL-12Rb2 and gp130 gene expression in HNSCC cell
lines

I n FaDu cel |l s, TNitldassIEli2rRbl2a tgieonne deixdp r recsts i
enhance that of gp130. None of the tested treatments significantly increased R.b 2
expressionKigure 3.10A and B. Gp130 expression was not significantly increased

after 6 h stimulations €100 ng/mL) Figure3.10A) . Though, after 24
stimulation (100 ng/mL) increased gp130 to levetsld higher than in untreated cells

(p < 0.05) Figure 3.10B . I n H357 <cell s, TNFU sti mul
expression of gpl30F{gure 3.100, nor did it rase IL1 2 Rb2 expressi o
detectable levelgiata not showr). The data therefore revealed that in FaDu cells, but

not H357 cel | smayindeRsd gpd30 gemeidxmession, but not that

ofIL-1 2 Rb 2.

3333 Effects of UoffIN92RR and gpI3&Ene expression in
HNSCC cell lines

When added in combination, | FN2 and TNFU
12Rb2 and gpl30 i n sdignifnantircreases wéreaobserved e | | s
inlL-1 2 Rb2 after 6Fighre 211A). AswithhiFINat it o ® a¢f ment ,
increases were observed at lower concentratidnand 10 ng/mL (14old and 26

fold), and expression was maintained at baseline when 100 ng/mL was Bidaled (

3.11A, Figure 3.9A. Increasing the time cells were stimulated wifh0 Ing/mL

correlated with significant increases in-1L.2 Rb 2 e X friguees 311B). n (
Previously, |1 FN2 was s ho wioldto86faiddetveeen i ncr e
6 and 48 h of treatmenFigure 3.9A). Here, when both cytokines were added in
combimt i on, the effects of | FNo may have b
ranged from Zold after 6 h, to 2Zold after 48 h (p <0.001F{gure 3.11B).

Comb i n e dndT N R&imulation may have synergistically increasegp130

expressionn FaDu cellsindividually they had no significant effeafter 6 h(Figure
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3.9A, Figure 3.10A. Yet, double stimulation caused a significasfoRl increase after

6 h (p <0.05,Figure 3.11A and B. Extending the time cells were stimulated
correlated with additional mr e as e s . | FNo previodl@dd vy cau
increase after 48 fFigure 3.98) . T NF U c a u s efald increase ajen24f i c an
h, which was maintained after 48Fidure 3.10B). Here, double stimulation induced

earlier significant increasedweh elevated further with time. This ranged froffoRl

after 6 h (p <0.05), to 3:fbld after 48 h (p <0.005F{gure 3.11B. The data therefore
suggest ed t h armaydyrenisticallyindreadeNs¥ptéssion of the gp130

chain in stimulated FaDu lt&

In treatedH357 cells, double stimulatidior 6 h (3100 ng/mL)had no effect on L

12Rb2 expression as it remained undetectabd not showr). It also had no effect

on gpl30expressior{Figure 3.110. Thereforethe data syports thainflammation

invol ving | FNo an dhyfopharihgealaarcinonmells leut nBta Du  (
H357 (ral carcinomgacells, to upregulate expression of the3h receptor chains

gp130 and IE1 2 R ARRis.may primehypopharyngeal carcinoneellsto transduce

IL-35 signas via IL-1 2 Rb 2 homodi mer s, or heterodin

resulting in endogenous 485 expression.
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3.4 Discussion

To improve responses to immunotherapy, there is a need to identify novel regulators

of immune dysfunction in HNSCC. To date, the expression of the immunosuppressive
cytokine IL-35 in tumour cells, and how this is regulated by the inflammatory nature

of the TME, has not been well studied. In this chapter, it was hypothesised that
HNSCC cells upregulate expression of3h as a feedback response to stimulation

with inflammatory cytokines ngsent in an inflamed microenvironment. Preliminary
results from Dr Xiaoging Weids | aboratory
cel | l i nes with | FNO increases gene expr e
EBI3. When used in combinatioriggated gene expression of both EBI3 and p35 was

observed, indicating potential {85 production (Wei, unpublished).

Based on these results, the underlying hypothesis was that in an inflamed TME, pro

i nfl ammatory cytoki nes, estumouncelssThidcbudo and
result in an immunoediting evefdunn et al. 2004)As an adaptive negative feedback
response, tumour cells upregulate EBI3 and p35, which interact to form the
immunosuppressive cytokine-85. Furthermore, 35 has been shown to stimulate

its own gene expression in transducing dglisllison et al. 2012; Wetzel et al. 2021)
Therefore, it is possible th#lt-35 expression in tumour cells could be increased by
transduction of exogenous-B5 produced from cells in the TME. This chapter sought

to carry the preliminary research forward and test this hypothesis by further exploring

the regulation of IE35 gene=xpression in HNSCC cell lines in response to stimulation

with pro- and anti inflammatory cytokines found in an inflamed TME.

3.4.1 IL-35 gene upregulation in HNSCC cell lines in response to stimulation
with pro -inflammatory cytokines

3.4.1.1 Induction of p35 andEBI3 gene expression by IFdand TNFU

The first aim was to evaluate and confirm3b gene upregulation in response to
stimulation with preinflammatory cytokines. The approach taken was to stimulate
hypopharyngeal carcinoma cells (FaDu) and oral carcinored | s ( H357) wi t
and TNFU (used in pr et¢PCRitbmeasune chargasihgenes ) ar
expression of EBI3 and p35. FaDu cells were selected as they had been used in
preliminary studies. H357 cells differ in that they have limited inveasigpacity,
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whereas FaDu cells are more invasive and aggressive. Using two cell lines enabled
comparisons to be made and to prevent generalisations being taken from results in a
single HNSCC cell line. In future, it may be prudent to evaluate addition&GON

cell lines.

Previous data has shown constitutive gene expression of EBI3 and p35 across many
cancer cell lineéMaaser et al. 2004; Long et al. 201Bje current study demonstrated

that gene expression of EBI3 and p35 is low in unstimulated FaDu and H357 cells.
Lack of signal in Western Blotna ELISA data suggested that gene expression was
too low to result in detectable 4B5 protein when cells are unstimulated. This was in
agreement with early studies suggesting that HNSCC cells require crosstalk with
immune cells to induce expression of inmoesuppressive cytoking®ries et al.

20069. Regarding the effects of pioflammatory cytokines, it was first asked whether

Il FN2 coul d i ndu35eene expressian.s@sfirmingn preliminary
findings, both cell lines showed that | ow
in p3> MRNA, but did not significantly increase EBI3 expression. Increases in p35
may have been in direct correlation to the dose applied and time under stimulation.
Though, as maximal induction was observed at the lowest tested concentration (1
ng/mL) and timg6 h), this would need to be confirmed in future studies using lower
doses and timepoints.

When analysing EBI 3 expression, Il FNo had
cell line after 6 h. In FaDu cells, EBI3 expression appeared to increase witimiitee
stimulation. Expression was increaseefol after 48 h, but when analysed
statistically, expression was not deemed significantly different to untreated cells.
However, as it pertains to 485, the time required for this increase (48 h) did not
syndironise with early induction of p35 expression. Furthermore, by this time, p35
expression had returned to baseline. Therefore, the Chapter data suggested that
stimulation of HNSCC c el besuffizi@ntttchnduc&INo i n t

35 expression.

Compared to the available literature, no previous studies of this nature were performed
on HNSCC cells. Though, similar results were observed in treated colorectal cancer
cell lines(Maaser et al. 2004)nt er est i ngl vy, | FN2 was suf fi

p35 and EBI3 in the hepatocellular carcinoma cell line Hefi(®@ag et al. 2013)
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suggesting differential signalling between cell lines and/or tissue sites. Together, the
data indicates that I FN2 in the HNSCC TM
p35 gene expression. This mechanism m@iap be common across several cancers.
Though, as | FNo does not significantly u
can be concluded that | FN%instmyated dNSCE a u s e

cells as an adaptive response to inflammation.

Inanotable observation, high concentrat.
appeared to be toxic to cultured FaDu cells when viewed under a micro$tagpe.
observation was in agreement with the 1id
tumour developmengs shown with p35 data, but is cytotoxic at high concentrations
(Jorgovanovic et al. 2020However, it raises the possibility that cytatoty could

have affected RNA quality, and thus the validity of the gPCR data. This can be
disregarded, as when samples were analysed for RNA integrity, all scores were 9 or
above, suggesting RNA was not degradéeanay be useful in future to assess the

ef fects of | FNo2 on HN@UGdimethylthiazei2-yg-85 | i ty v
diphenyt2H-tetrazolium bromidgassay.

It was next investigated whether HNSCC cell lines upregulat&slias an adaptive
response to TNFU in the sWtBEhe loBestitestad at i o
concentration (1 ng/mL) and stimulation time (6 h), significantly increased EBI3
expression. Expression increased further with higher doses and duration of
stimulation. TNFU did not incre@Hi® p35 e
in FaDu cells. In contrast, TNFU did not
cells. Differences observed may be due to heterogeneity in the genetic profile of each

cell line, but may reflect differences in response based on site of tumaunr tngust

be noted that, when H357 cells were stim
genes tested in the chapter remained unchanged. It cannot be disregarded therefore,
that H357 cells may not express dathie TNFU
signal. As there are currently no available literature investigating this, this could be
confirmed in future gPCR studies. Additional HNSCC cell lines could also be assessed

to evaluate possible causes for differences in responses to inflammiary, st

T N Fitduced EBI3 upregulation may be common across several cancers, as similar

results were observed in colorectal carcinoma cell (iMesser et al. 2004; Wetzel et
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al. 2021) While this was apparent in a hepatocellular carcinoma cel(Llimg et al.

2013) TNFU also upregulated p35 expressio
regulation of p35 between cancers. In conclusion, the current study indicated that
HNSCC cell s may not r es preasimy|-B5expiedsior) i n t |

In-vivo, it is likely that both IFN and TNRJare present in an inflamed TME, rather
than one in the absence of the otfdws, it was investigated whether inflammation
involving both IFNd and TNRJ induces an adaptive resporisestimulated tumour

cells, whereby IL35 gene expression is increased. Stimulation of FaDu cells caused
significant increases in gene expression of both EBI3 and p35. Stimulation for 6 h with
1 ng/mL of both cytokines was sufficient to significantly insea@xpression of both
genes simultaneously. EBI3 expression increased further in correlation with dose and
time. This trend was in concurrence with data from Uifimulation studies. P35 was

also significantly increased early and was maintained after ,24ftr which
expression returned to baseline by 48 h of stimulation (100 ng/mL). This trend

matched data observed during b-Mimulation studies.

Double stimulation of H357 cells (100 ng/mL, 6 h) also resulted in increased p35 and
EBI3 geneexpression. This could indicate that H357 cellayr e s pond t o TN
perhaps when concurrently under | FN2 st
these cytokines synergise to upregulate EBI3. However, it must be noted that while

the increase in EBI®as statistically significant, the magnitude of increasefdd),

in addition to the low basal expression of EBI3, could indicate that this mayittlave

or no biological significance. To confirm whether both EBI3 and p35 are upregulated

in H357 cells additional repeatsimecourse studieand protein detection assays,
perhaps ELISA or caimmunoprecipitation, could be performettditionally, to test

the hypothesis furthemther preinflammatory cytokines could based to assess
upregulation of EBI&and p35 in H357 cells.

Together, H357 and FaDu cell RJPCRdata was in agreement with the chapter and
thesis hypothesis and revealed that, in an inflamed HNSCC TME of hypopharyngeal
and perhaps oral cell origitFNo and TNFJmay stimulate tumour cells drinduce

an adaptive response whereby3h gene expression is elevated.

Regarding FaDu cells, it was interesting to ascertain whetherdfNTNRIsignalled

independently, increasing subunit expression individually, or synergistically, meaning
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they togéher induced higher magnitudes of gene upregulation when compared to
single cytokine stimulation. As it pertains to p35, all fFiftimulations yielded almost
identical increases in gene expression when compared to double stimulation. This
suggests that wineboth cytokines were applied, TNBignallingmay not have any

effect on p35 transcription, and that induction of p3&y solely a result of IFN
stimulation In contrast, EBI3 expression may have been impacted by convergence of
IFNo and TNRJsignalling.IFN2 had no significant effect on EBI3 when added alone.
However, when both cytokines were added together, EBI3 expression increased at
higher magnitudes than when TNRMas added alone. This was also observed in
double stimulated colorectal cancer celleb{Maaser et al. 2004)Thus,the data
suggests that when stimulated with b-Mlone, signalling in hypopharyngeal
carcinoma cells may not lead to significant changes in EBI3 expression, but when
TNFU signdling is concurrently activated, these cascades possibly converge,
multiplying the activation signals for EBI3 transcription, leading to increased

expression.

In conclusion, RTgPCR data in both FaDu and H357 cells agreed with the chapter

and thesishypohs es. The combination of | FNo2> and
hypopharyngeabnd oral carcinoma cells, invoking a potential negative feedback
response via upregulation of-B5 gene expression. In hypopharyngeal cells,olFN

may induce an early increasa p35 expression which is depleted over time.
Furthermore, I FNOo and TNFU may synchron
upregulation of EBI3. Together, both cell lines indicated that inflammation may
induce EBI3 and p35 expressiosnHNSCC cells which coutl result in production of

the immunosuppressive cytokine-B5. This response may be shared across HNSCC

subtypes, though additional datsing other cell lines required to confirm this.

3.4.1.2 Inflammation-induced upregulation of other IL12 family cytokines

EBI3 and p35 can dimerise with other chains to produce alternative cytokines within
the IL-12 cytokine familyiIL-12 (p35/p40), IE23 (p19/40), 127 (p28/EBI3), 11-35
(p35/EBI3) and 139 (pl19/EBI3).Switching of these subunit pairs enables highly
flexible responses to various immunological stimiilwas important therefore, to
confirm that inflammation induced upregulation of EBI3 and p35 observed in HNSCC

cells was likely causative of 85 production, and not that of other12 cytokines.
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The currenstudy found that p19 gene expression was very low in resting FaDu and
H357 cells. 1T FNo2 stimulation reduced p1l9
TNFU increased p19 in correlation with d
a response obseed in several cancers, as other cancer cell lines also upregulated EBI3
and p19 in r @Vegser atale20d;0VetTeNeFdl 202 TNFU had n
effect on p19 in H357 cells, further sug

FaDu cell s, stimulation with both cytoki
which suggests TNFU signall i nglinpfoment i al
| FNo . Upregul ation of pl9 and EBI 3 I N

hypopharyngeal carcinomas may stimulate tumour cells to produ88. [Lhis may
be unlikely though, as the current literature has yet to confin®9liformation in

humans (Eceur et al. 2020).

P28 expression was only inducible in FabDu
24 and 48 h, though expression levels were likely too low to result in dimerisation

with EBI3 to form significant levels of H27 cytokine p28, while epressed at very

low levels in resting H357 cells, was not upregulated by either cytokine alone, or in
combinationTherefore, the data suggests that inflammatory cytokines in the HNSCC

TME may not induce 1127 in tumour cells as an adaptive respof®#) was not

detectable at rest or following stimulation in either cell line, indicating that pro
inflammatory cytokines in the TME may not promotellR expression in tumour

cells.

Taken together, stimul ati on of tumour
hypopharygeal carcinoma TME, but not that in oral carcinomas, may cause tumour
cells to upregulatelternativelL-12 family chainsThough of the chains upregulated,

the IL-12 cytokines they could form include-B5 or IL-39. As IL-39 has yet to be
validated in lmmans, the datdous farsupported the hypothedisy showing thapro-
inflammatory cytokines in the TME causes HNSCC cells to upregulate gene
expression EBI3 and p35, potentially resulting in3k formation.Protein data is
required to confirm this. In a@ition, other preinflammatory cytokines and HNSCC

cell lines could be tested.
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3.4.1.3 EBI3, p35 and IL-35 protein detection

Since I FNo and TNFU significantly increa:
cells, it was important to validate that this resultedpnotein formation, and
heterodimerisation of these chains to form the88_cytokine. In the current study,

several assays were used to achieve this. Using inferences from gPCR experiments,
FaDu cell s were stimul ated watdn$andferdeo and
range of stimulation times. Despite varying experimental factors, and altering
variables to increase assay sensitivity, includinige increase of lysate or supernatant
concentrations, antibody concentrations, and the use of highljtiserdetection

reagents and kits, EBI3, p35 or-85 protein could not be detected. EBI3 could not

be detected intracellularly by western blotting, or extracellularly by ELISA. p35 could

not be detected regardless of stimulation conditions or the use of

immunoprecipitation/western blotting assays to enhance signal detection.

Potential reasons why these proteins could not be detected are henceforth explored.
EBI3 and p35 gene expression are low in unstimulated cells. Large fold increases in
gene expressiosuggested that they could be expressed at the protein level, but despite
concentrating samples, protein production may have remained too low to be detected
within the sensitivity ranges of the assays used. In vivo, this may reflect that EBI3 and
p35, in asociation as L35, may only be minimally produced by tumour cells, with

the lion share of production deriving from Tregs, Bregs and M2 macrophages in the
TME.

A limitation of this study is that the experiments performed analysed cultured tumour
cells inisolation, stimulated with only two prioflammatory cytokines. This does not
account for crosstalk with stromal cells, nor the effects of otheinfleonmatory
cytokines that may be present in the TMEvimo. These cytokines may increase IL

35 expressio further. For example, HL has previously been shown to synergise with
IFNo to induce upregulation of EBI3 and p35 in stimulated tumour @désser et al.
2004) Therefore, HNSC&lerived IL-35, induced § inflammation in the TME, may

be at much higher concentrationsvino. This could be confirmed in future studies

by analysing patient tissues using immunohistochemical techniques to detect

expression of tumour cetlerived EBI3 and p35.
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Previous reporthave demonstrated protein detection of EBI3 and p35 in cancer cell
lines using westerhlotting (Zhu et al. 202Q)A salient difference from this study to

the current one however, is that protein concentrations separated HpASIESwere
much higher (30 mg) to that wused in the
of protein may increase the amount of protein available to detect the targets, there is a

risk of poor protein separation by SIPAGE and/or excessive backgrowsignal.

Another possibility for lack of detection is that proteins formed are in conformations
with epitopes that are inaccessible to the antibodies used in this study. Other
antibodies, such as polyclonal antibodies that target a range of epitopddfeaskd

to test this in future. The proteins formed may also be misfolded and/or degraded.
Alternative methods rather than use of lysates or supernatant, including fixation and
immunocytochemistry, or analysing live cells via flow cytometry, which weta b
successfully used by Lor{gong et al. 2013)may enable protein detection in fugur
Finally, it cannot be disregarded that these genes are simply not translated due to

mutations, and may therefore represent pseudogenes.

The IL-35 cytokine could not be detected using ELISA assays. Previous issues in IL
35 detection have been reporte@\pously (Sakkas et al. 2018; Larousserie et al.
2019). Two kits were purchased but demonstrated either poor assay sensitivity (no
signal), or lack of target specificity (signal in negative controls). As an alternative, co
immunoprecipitation/western blot assays were attempted. Neither
immunoprecipitated p35, or interacting EBI3, could be detected in concentrated
lysates or supernatants. The assays did not fail as signal was detected in positive
control samples taken from transfected cell lines that oversgEBI3 and p35. Of

note, the final experiment attempted used a range of stimulation conditions to
maximise gene expression. Lysates and supernatants were also concentrated. The
Veriblot antibody, advertised to bind noeduced antibody, was used to pev
capture of the antibody used for immunoprecipitatibine SuperSignal West Atto
Ultimate Sensitivity Substrate was also used to increase signal by detecting proteins
with attogram level sensitivity. Despite these optimisation strategies,
immunoprecipiated p35 could not be detected. Notably, it was also undetected in
control samples $upplementary data 3. Washing the blot and reprobing with

alternative antibody pairs enabled signal detection, albeit only in controls. Using
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Veriblot, EBI3 could not beletected in control samples either, which suggested that
this antibody failed to effectively capture primary antibodies. Ideally, in future,
alternative antibody pairs would also be used to detect EBI3 under the same conditions
tested. Though as p35 failembe immunoprecipitated, it was unlikely that this would

enable detection of eanmunoprecipitated EBI3.

Possible reasons why4B5 could not be detected include those described for detection
of individual subunits. Another potential possibility is teatreted 135 may have

been recycled by its receptor and degraded. However, if it is an issue of assay
sensitivity, IL-35 ELISA kits with a lower detection limit could be tried in future. In
summary, gPCR data supported the chapter hypothesis that irdteonmpromotes

IL-35 gene upregulation in HNSCC cells. However, a limitation of this study is that

this could not be confirmed at the level of protein expression.

3.4.2 Effects of antrinflammatory cytokines on IL-35 gene expression in
stimulated HNSCC cell lines

3.4.2.1 IL-35 and IL-10 stimulation did not increase endogenous-85 gene
expression in resting HNSCC cell lines

The effects of immunosuppressive cytokines o138 expression in HNSCC tumour
cells had not yet been investigated.-3& concentrations are high in
immunosuppressive tumour microenvironments. In addition, exogene8S Has

been shown to stimulate endoges gene expression in treated c@llsllison et al.
2012) Thus, it was hypothesised that immunosuppressive cytokines sucBasiid

IL-10 in the HNSCC TME, could stimulate tumour cells to upregulate endogenous IL
35 as ameans of enhancing immune suppression. To explore this, FaDu and H357
cells were treated with recombinant1l0 and/or 11-:35 (100 ng/mL each, 6 h). The
data did not support the hypothesis, as neither cytokine increasg8fl fene

expression in either cdlhe.

It was considered whether the lack of changesi8/. e xpr essi on was du
inability to respond to I35 signals. As such, expression of the3k.receptor chains

(gpl30 and IE1 2 Rb2) was examined. gPCR d=ata sh
expressed gpl30 and very low levels oflil2 Rb 2 . H357 cel bus expr
did not express H1 2 Rb 2 . Similarly, a study perfori
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thatIl-k1 2 Rb2 is either expressed at |l ow | eve
lines(Long et al. 2013)Gp130 is constitutively expressed in all human tissue35IL

can signal using gp130/gp130 homodimers;1ll2 RA2ZY2 Rb2 homodi mer s
gpl30/Ik1 2 Rb2 heterodi mer s. It w3bssignplling vi ous

through homodimeric receptors may promote endogene8Ss Bxpression. However,

it must be considered thgp130 is ubiquitously expressed, and that previous studies

have shown biological effects of gp130/gp130 homodimers 46 #ignalling only

(Adam et al. 2009; Suthaus et al. 2QIA)rthermore, Lee and others showed that IL

35 signal transduction in tumour cells could be enhanced by increasing expression of

IL-1 2 R fL@e et al. 2018)It is therefore conceivable that recombinan36 was

unable to be transduced in a manner that promoted endogenr8bshkpression, as

the tested HNSCC cell lines did not express sufficienidesfelL-1 2 Rb 2 .

3.4.2.2 Priming of HNSCC cells for IL-35 signal transduction via inflammation
induced receptor expression

While stimulation of resting HNSCC cell lines with exogenoug had no effect on
endogenous gene expression, it was purported that infiéiomrin the HNSCC TME

may not only upregulate {85 expression in tumour cells, but also its receptor chains.

In doing so, upregulation of the minimally expressedIR Rb2 chain may pr
cells to respond to H35 signals using H1 2 Rb 2 h o noo ghi30/kt* 3R b 2
heterodimers. Signalling through these receptors could result in further upregulation

of endogenous H35 expression. Experiments were hence performed to begin

exploring this.

I F N2 demanstratetb increase expression of both1L.2 R &nd gp13&hainsin
stimulated FaDu cel |l s. TNFhudidanotimirdaser t o
IL-12Rb 2 e X whessiaodnd.e d i n combi U aldvaten n , | F
expression of both chain€omparing dat&o that fromsingle cytokine stimulatio,

these cytokines appeared to act in synergy, resulting in a higher magnitude of gp130
upregul ati on. Al t h osggalingmay haveaaptiallgnitgagedl t h at
theeffectsof | F NmmlucedIL-1 2 Rb2 wupregul ati on.

Taking these results into codsration, the following euld be inferred:- at rest, the

IL-35 receptor, in the form @fp130 homodimersnay be expressed in FaDu cells. As
IL-12 Rb2 gene e x poulbesassanmed that gpl306/lv2 R &nd IL- ¢
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1 2 Rb A /2 IRlbe2erodimers areat expressedWithout IL-1 2 R b 235 signals

may not be transduced in a manner that enables endogendis dkpression.
Conversely, in an infamed TME,F N2 st i mul ates tumour <cel |
in IL-12Rb 2 expression, whi/lkd 2 Roai | ¢ e tf earca d i
formation. When TNFU isonalusao ept e INFtU iam
signalling may converge at the level of the gp130 transcription machinery, where they
impart activation signals thatcreasegpl30transcription In contrast, it is possible

t hat TNFU and | FNo may activate transcr
transcriptionof -1 2 Rb 2, respectively. The effects
TNFU, culminating in i-h2RBa2asiemogBalet ex pr ¢
summation, data from FaDu cells provided evidence which suggested that
inflammation may induce upregulation of-B5 gene expression and its receptor

chains in hypopharyngeal carcinoma cells.

A previous study by Lee and others also exachindlammationinduced Il-:1 2 Rb 2
expression in tumour cejland how it relates to H35 signalling(Lee et al. 2018)

They cultured a variety of cancer cell lines, including human lung (A%44@)) three

HNSCC <cel | l ines (FaDu, SAS and OECM1) ,
ng/mL, 24 h). Using RPPCR, immunohistochemistry, western blotting and flow
cytometry, they exami AAdRbt2h e xgfrfeescsti o naf W
to HNSCC, TNE) di d not increase expression in
this study. In contrast, treated SAS, and particularly OECM1 cells, showed marked
elevationsinlkl 2 Rb2 expression. As H357 cell s in
IL-12 Rb 2, r30orlLdli2dR &@ession alter in response to inflammation, it

is possible that inflammatory signalling may differ between HNSCC cell lines and or

sites of tumour origin. A549 lung carcinoma cells were also shown to upreguate IL
12Rb2 i n r el Rudhermare, indoctionh NtF12Rb2 expressiorprimed

A549 cells to transducexogenoudL -35 signals.Therefore, whilerestingHNSCC

cell linesdid not respond to exogenous-35 by increasing endogenous expression,
findings fr om L etedata frosmtthe dhgpter résoltg, sugdests thatw
inflammationin the TME may caus@ypopharyngeal carcinoma celis increase

expression of IL35 receptor chains. This may facilitate formation oflll2 Rb 2
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homodimeric and gp130/4L 2 Rb 2 h et e r om.Addidonal data suehcas p t

protein expression studies are required to confirm this.

As the overall focus of thehapter was the regulation of-R5 expression in inflamed
tumour cells, the next logical question was whether increased receptor expression
caused by inflammation enablegpopharyngeal carcinoma celtstransduce I35,
resulting in enhanced 1B5 expression. Collison previously demonstrated the
existence ofkuch apositive feedback loognducedTregs that produce 5 were

shown totransdwe IL-35, resulting in furtheendogenousxpressior{Collison et al.

2012) Wet zel 6s group r e cacutidtunousdels(Wetzel t hat
et al 2021) They stimulated HCEC cells to induce-35 secretion, and used the
conditioned medium produced to treat unstimulated cells. ©hegrvedsignificant
increases in EBI3 and p35 expressibie, latter ofwvhich was reversible by adding an
anti-p35antibody. While these findings suggésat thismay bepossiblein inflamed
hypopharyngeal carcinoma celthis could beconfirmedin future studies by adding
recombinant L35 t o | Fpximed FaD& tells and examining whether gene
expression of EBI3 and p35 are elevated. It would also have the added benefit of
confirming whether inflammatiemduced increases in EBI3 and p35 gerpression
resulted in the formation of functional-85.

3.5 Conclusions

The current chapter hypothesised tpat-inflammatory cytokinesn the HNSCC

TME stimulatetumour cells causingncreasd expression of the immunosuppressive
cytokine IL-35. The cataobtainedpartially supported this hypothesigvealing the
following:- I F Nholuced gene expression p35 in both hypopharyngeal carcinoma
cells (FabDu) and oral <car ci geoesxpressiainl s ( H?:
FaDu but not H357 cells. Stmela on wi th both | FNo2 and
increased gene expression of both EBI3 and p35 in BaDH357 cells. While these

chains can associate with otherlR chains to produce alternative cytokines, of the
remaining chains, inflammation was found ¢mly significantly increase pl9
expressionn FaDu cells but not H357 cellas IL-39 (EBI3/p19) has not been proven

to exist in humarstudies the data suggested that inflammation in the TiM&y

promote upregulation of EBI3 and p35 to facilitate3% praductionin both cell types
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A major limitation of this study however, was that EBI3, p35, nor th@3lcytokine,
could not be detected at protein leweFaDu cells

Exposure to immunosuppressive cytokines, includindOLand I1L-35, did not cause
increaes in expression of 1B5 in resting FaDu or H357 cells. Regarding3h

receptors required to transduce-3hk, these cells were found to express very low

(FaDu), orno (H357) 1 2 Rb2 <chai n. However, when FalL
| FNo and T Niffiob not only ifcteasedniB5 expression, but also that of
its receptor chains gp130 and-1L.2 R b 2 . It i's not yet known

with such stimulation may enable them to transdue883lin a manner that promotes
endogenous expression. Fututadses could explore additional phmaflammatory
cytokines. Furthermore, as findings varied between HNSCC cell lines, it may be
important to evaluate the hypothesis further by testing additional cell lines sourced

from different tissues sites and with @ifént aetiological factors.

Nevertheless, taking these findings together, a potential mechanism may have been

uncoveredat least in hypopharyngeal carcinomaslammation in the TME may
stimulate tumour cells to upregulate expression of botB3land is receptor chains.
IL-35 produced from tumour cells may be low in concentration, as it could not be
detectedn assays performed in this stutjowever, elevated receptor expression may
prime tumour cells to receive 485 signals produced from its own eellautocrine
signalling) and that from highly producing Tregs, Bregs and M2 macrophages
(paracrine signalling) in the TME. Transduction of3k signals may then result in

further increases in H35 expression

The thesis aimed to investigate tpetential roles of HNSCGderived IL-35 in
suppression of antumour immunity via conversion of Mthacrophages to a2
phenotype To explore this robustly, the next chapter focused on the development of
ahypopharyngeal FaDu cell linkat overexpresses485. Thi cell line could then be

used in subsequent chapterassess changesnmacrophage polarisation.
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Chapter 4

Establishment of a HNSCC cell line that overexpresses and secretes
human Interleukin 35 ({B5)
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4.1 Introduction

Chapter 3 demonstrated that when stimulated with thenfleonmatory cytokines

| FNo and TNFU, both the or alreateraxteatitrteo ma c
hypopharyngeal carcinoma cell line FaDu, increase gene expression of the
immunosuppressive cytokine Interleukin 35 -@B). This may depict an
immunoediting mechanism used by tumour cells to suppressuamiur immunity

and promote immue escape. To investigate the role of HNSd&@ived IL-35 in the
regulation of anttumour immunity,a useful method iso establisha HNSCC cell
model that constitutively overexpresse human 1-:35. Previous overexpression
models in the literature were litad, as 1-35 produced was not in its native form, and
thus may not accurately mimic85 invivo. The aim of this study was to develap
HNSCC cell line that overexpressed3b in its native formThis model couldhen

be used imixed culturestudiedo elucidate whethddNSCGCderived IL-35 promotes

M2 macrophage polarisation in the TME.

To develop a transfected cell line that overexpresses native hur3&nitk biological

structure must be considered-3b is a member of the 112 family of cytoknes.

These cytokines are derivéeklficam tthai nst
chains that are paired interchangeably, resulting in the formation of the following
cytokines:- IL-12 (p35/p40), 1L23 (p19/p40), IE27 (p28/EBI3), I11-35 (EBI3/p35)

ard IL-39 (p19/EBI3)(Kobayashi et al. 1989; Devergne et al. 1997; Oppmann et al.

2000; Pflanz et al. 2002; Wgret al. 2016b)

IL-35 is comprised of EBI@EpsteinBarr Virus Induced 3and p35 subunit&pstein

Barr virusinduced gene 8 E B 1 3 ) -subsnit ¢haire It vias discovered as a gene
transcript in B cells infected with the Epstdarr virus(Devergne et al. 1996The

EBI3 gene is synthesised as a 228ino acid precursor protein, which includes a 20

amino acid signal sequence required for protein secretion, andaart8 acid region
(Devergne et al. 1997; Rousseau et al. 20I0is precursor protein is approximately

28 kDa insize before it is subjected to pasanslational modifications, including-N

l inked glycosylati on, t hat cul minates i
glycoprotein(Devergne et al. 1996; Devergne et al. 19€B)I3 is structurally unique

in the IL-12 family, as it does not contain ant®&minal IgG domainJones and

Vignali 2011) In terms of trafficking and secretion, it is transiently held in the
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endoplasmic reticulum (ER) in association with the molecular chaperone calnexin,
before being readily secret¢éDevergne et al. 1997; Pflanz et al. 2002; Jones et al.
2012)

P35 is the alpha chain of the-85 heterodimer. Regulation of p35 expression and
trafficking of the produced protein are complex and not fully understood. Research
has suggested the followingEBI3 is readily secreted as its signal peptide is cleaved

by signal peptidase to facilitate trafficking. In contrast, the signal peptide of p35
requires multiple cleavage events to facilitate trafficking and secretion. P35 is
therefore not regarded a readily secreted protein. Initially, the p35 gene is transcribed.
It can be transcribed from two distinct promoter regions resulting in the formation of
precursor proteins approximately 27 or 30 kDa in size. In the ER, the precursor is
glycosylated, increasing the molecular weight of each isoform to 32 or 35 kDa,
respetively. These forms are only present transiently, as primary cleavage of the
signal peptide occurs, yielding the domir
of isoform (Murphy et al. 2000)This form is held in the ER and has been described
as unstable. Exactly how the following events are regulated is unknown, but to
stabilise and enable settam of p35, a sequence of events must occureXpession

of a binding partner is essential to increase the stability of p35 and enable translocation
from the ER to the Golgi. Here, the signal p35 peptide is cleaved a second time. P35
is then subjectedtadditional glycosylation, creating a 36 kDa glycoprotein that is
rapidly secreted@Murphy et al. 2000; Jalah et al. 2013)

Co-expression and interaction of p35 with a bindipgrtner such as EBI3, is
understood to stabilise and facilitate the secretion of heterodimed@ Hamily
cytokines including IE35 (Devergne et al. 1997; Murphy et al. 2000; Jalah et al.
2013. Exactly how EBI3 stabilises p35 is unknown. It is possible that p35 is held in
the ER by a chaperone protein, which when bound, signals for the degradation of p35,
hence its low stability. Based on-12 studies, high expression of EBI3 may enable
the retention of a sufficient amount of intracellular protein during its trafficking to the
cell surfacgJalah et al. 2013Binding of this intracellular EBI3 to p35, the unknown
chaperone protein, or a combination of both, may liberate p35 from ER retention and
labelling for degradation. With increased stability, p35 can traatdoto the Golgi,

where it is modified and later secreted in association with EBI3 as 1{B& ¢lytokine.
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While this is plausible, more research is required to fully elucidate the formation and
trafficking of the IL-35 heterodimer.

The interactions betwaeEBI3 and other I£12 chains are complex. Subunit chains
that dimerise to form K12 (p35/p40) and H23 (p19/p40)nteract covalently using
disulphide bond linkages. EBI3 however, lacks the cysteine residues required to
facilitate this. The EBIZontainhg cytokines 127 and I-35 are therefore not
derived from disulphiddinked subunit§Jones and Vignali 2011fxactly how EBI3
interacts with p28 (1L27) and p35 (IL35) is currently unknown, but these associations
are thought to be netovalent. As a weakdorm of interaction, these cytokines are
deemed relatively unstab{Pevergne et al. 1997; Jones and Vignali 2011; Aparicio
Siegmund et al. 20147 his raised the question of how85 signalling is maintained
in-vivo. While this is not known, recent research has suggehbtadIL-35 may
propagate its signal by transferring the ability to produc8&3Lbetween cells via
extracellular vesicle transfénfectious tolerance, reviewed in Chaptgr 1

Poor stability of the IE35 heterodimer has rendered it difficult to repkcat study
models. To elucidate the biological roles of3b, research groups have often used
transfection to induce H35 overexpression in model cell lines. Notably, vectors used
encode EBI3 linked to p35 using a linker peptide. Linker peptides en8igealfd

p35 are held together by stable covalent interactions. These models have helped
broadened knowledge of 485 and its functiongNiedbala et al. 2007; Nakano et al.
2015; Wang et al. 2016a; Haller et al. 201Mpwever, this approach has potential
drawbacks. IE35 formed using these vectors do not accurately represenatinel
formation and structure of IB5 invivo. By synthetically linking EBI3 and p35,
certain aspects of their biology, such as their interactions with receptors and
extracellular vesicles, may be affected. Furthermore, the linker peptides used may
haveunintended effects that could alter the functionality 688, or the behaviour of

cells that express or transduce its signal.

The rationale behind this study was the elucidation ghatulation withl FN2 and
T N FifblucessignificantIL -35 geneupregulation in the hypopharyngeal carcinoma

cell line FaDu (Chapter 3). To study whether HNS@xTived IL-35 suppresses anti
tumour immunity via M2 macrophage polarisation, it was deemed beneficial to

develop a HNSCC cell model that constitutively overegpes and secretes3b in
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its native form. The objective of this Chapter therefore, was to utilise a novel
methodology that could enable the developmentraucell line that overexpresses

IL-35 in its native form.

The Chapter hypothesis was asduls: - Stable transfection of FaDu cells with a
plasmid encoding human EBI3 can be used to generate a monoclonal cell line that
overexpresses EBI3. Subsequent stable transfection of this cell line with a plasmid
encoding human p35, can be used to develoglldine that ceexpresses EBI3 and

p35. These chains naturally interact, together becoming secreted as-3be IL
heterodimer in its native form. As such, a HNSCC cell line that overexpresses and

secretes IE35 will be developed as a study model.

4.2 Aims and objectives

1 Validate the proposed methodology by developing a CHO cell line that

overexpresses and secretes humaB3L
o0 Develop a CHO cell line that overexpresses human EBI3
o Develop a CHO cell line that overexpresses both human EBI3 and p35

0 Detect secrann of the IL-35 heterodimer and establish a CHHO35

cell line

o Confirm EBI3, p35 and I£35 overexpression in the established GHO
IL-35 cell line

71 Develop a FaDu cell line that overexpresses and secretes huian IL
o Develop a FaDu cell line that overexmes human EBI3
o Develop a FaDu cell line that overexpresses human p35
o Develop a FaDu cell line that overexpresses both human EBI3 and p35

o0 Detect secretion of the 4B5 heterodimer and establish the FaDu

35 cell line

o Confirm EBI3, p35 and 35 overexprssion in the established FaDu
IL-35 cell line
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Should the FaDdIL-35 model be created, it can be used to study the role of HNSCC
derived IL-35 in the regulation of macrophage polarisation in the HNSCC TME.

4.3 Chapter Methods

General methods used in this Chaptes described in full in the following sections of
Chapter 2. Transfectiofection 2.3.%, generation of conditioned mediur@gction
2.3.6.9. SDSPAGE/Western Blotting ection 2.3.3, coimmunoprecipitation
(Section 2.3.4 and ELISA Gection 2.3.%. The following methods described are

pertinent to investigations performed in the current Chapter.

4.3.1 Expression plasmids

Full plasmid maps are shown in ChaptefS&ction 2.1.%. The EBI3 expression
plasmid contains an open reading frame for the full lengthamuEBI3 transcript,
controlled by the CAG promoter. It also contains a neomycin resistance marker,
controlled by the CMV promoter, to facilitate stable transfection using the G418
antibiotic. The negative control (NTC) plasmid contains the same elerbahtsith

a stuffer sequence in place of the EBI3 open reading frame. The p35 expression
plasmid contains the open reading frame for the full length human p35 transcript,
controlled by the CAG promoter. It also has a puromycin resistance marker under the
regulation of the CMV promoter.

4.3.2 Development of a CHO cell line that overexpresses and secretes human
IL-35

4.3.2.1 Development of a CHO cell line that overexpresses human EBI3

To overexpress human EBI3, CHO cells were stably transfected with the EBI3
expression plasmid. As a negative control, they were also stably transfected with the

NTC plasmid. To perform, 1x®@ells were seeded into 2¢ell plates and cultured

overnight. The EBI3 expression plasmid, or the NTC plasmid, was then transfected

into CHO cells using Lipofectamine 2000 as described in Ch&p(8ection 2.3.9.

Stable transfectants of both plasmids were selected by culturing cells inF32pil

suppl emented with G418 (500 e€g/ mL). After
NTC plasmid (now named CHENTC cells) were frozen until use. From the

polyclonal pool of stable transfectants using the EBI3 expression plasmid, single

Cardiff University [135 School of Dentistry



Richard Ali Chapter 4

clones were isolated, numbered, and grown by limiting dilution. Clones that survived
expansion were split into twapulations. One population of clones were frozen. The

other was examined for expression of human EBI3. To detect EBI3 expression, lysates
were collected from cultured cells wusing
separated by SDBAGE. Recombinat human [:35Fc was used as a positive

control. Clones expressing EBI3 were detected by Western Blotting using the
following antibodies- mouse monoclonal arRE B1 3 ( Bi ol egend, 1 ¢
rabbit polyclonal antmouse IgG (HRP) secondary antibody¢da m, 0. 2 e g/ mL)

highest expressing clone was then designated the-EBIOQ cell line.

Generating representative dataAfter all transfected CHO cell lines in the Chapter
were established, lysates and supernatants from each cell line were analysed to

generate dataepresentindgBI3 overexpressiom developed cell lines

To detect EBI3 overexpression by Western Blot, each cell line was thawed and
subcultured. 5x10cells were seeded into-vgell plates and cultured until 90%
confluency was reached-6dhpriortocelllysis3. 0 € g/ mL wAgaddedtd di n A
culture to block protein secretion. Cel |
protein per sample was separated by $IX&E. Lysates from untransfected CHO

and CHONTC cells were analysed as ag¢ige controls. Due to the unstable nature of
recombinant IE35, lysate from a doubtigansfected CHO cell clone (Clone 7), which

tested positive for EBI3 and p35 overexpression during initial clone screening, was
thawed and reised as a positive controlalbelled CHQIL-35C7 to prevent
ambiguity). EBI3 expression was detected by Western Blotting using the same
antibodies and concentrations as described al#owsouse monoclonal anb-Actin

( Abc am, 0.1eg/ ml) antibody, neguajloadngt ed t

of samples

To confirm EBI3 secretiongonditioned medium was collected from confluent cell

lines cultured in T25 flasks and stored&2 °C Section 2.3.6.1 Single use aliquots

were thawed and examined for the presence of secreted EBI3 using an ELISA kit as
instructed by the manufacturer (R&D Systems) (n=3). Conditioned medium collected

from CHONTC and untransfected CHO cells were used as negative controls. One

Way ANOVAandDmnett 6s test were used to detern
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EBI3 concentrations detected in supernatants from transfected cell lines, versus that

in untransfected controls, were statistically significant.

4.3.2.2 Development of a CHO cell line that overexpressoth human EBI3 and

p35
The CHOEBI3 cell line was seeded into &¢ell plates and transfected with the p35
expression plasmid using Lipofectamine 2q@@ction 2.3.¢. Stabletransfectants
were selected by culturing cells in medium containing both G4580 0 e-¢o/ mL )
mai ntain selection pressure for -B®&I 3 ex
simultaneously select for stable transfectants of the p35 plasmid. Single clones were
isolated, numbered and grown using limiting dilution. Clones that sureixgansion
were screened for expression of p35 by SDSSE/Western Blotting. Cells were
|l ysed in RIPA buffer, and-PRCGE. Ile3bFcpvasr c | on
also loaded onto SDBAGE gels as a positive control. P35 expression was detected
by Westen Blotting using the following antibodiesrabbit monoclonal anp35
(Abcam, 1:2000 dilution) primary antibody and an H&#jugated goat antabbit
|l gG secondary antibody (Abcam, 0.2 &g/ mL]

Selected clones were next screened to identify which clapessed the highest
concentration of p35, but also maintained expression of ERiBclone, 3x10cells

were seeded into 6 well plates and cultured until 90% confl@B¥eteldin A was

added prior to lysis with RIPA buffef.o enable comparison in expsés levels, 10

eg of protein per s aaxpdssionafBEBi3ardpBbbySOE d f o
PAGE/Western Blotting using the previously described antiboDietection of EBI3

and p35 were performed on separate blots to prevent signal overlap.

4.3.2.3 Detecton of the secreted I£35 heterodimer and establishment of the
CHO-IL -35 cell line

Co-immunoprecipitation was used to detect the88 heterodimer via the association
of co-expressed EBI3 and p35 in selectddnes Section 2.3.4 Candidate clones
were seded into 6well plates and cultured until 90% confluent. 1 mL of supernatant
was collected per sample. For 2% input and flowthrough cenfftoly explained in
Section 2.3.4.}, used to assegallldown efficiency, extra supernatant was collected

from theclone previously shown to express the highest amount of EBI3 and p35. P35
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was immunoprecipitated from supernatants by incubating samples overnight in the
presenceofanati 35 anti body (2 eg/ mL, R&D Systen
overnight incubatio with anttmouse IgG dynabeads. The IgG cont(Skection
2.3.4.), used to assess antibody crosactivity, was generated by incubatitige
highest expressing clone in antobuse IgG dynabeads but omitting the -qu3b
incubation step. For all samplegdals were then washed five times and eluted. Eluates
were separated by SEFAGE and both immunoprecipitated p35, and- co
immunoprecipitated EBI3, detected by Western Blot using the antibodies and
concentrations described above. Recombinant humab [thIL-35, 10 ng) was used

as a positive control. The clone expressing the highest concentrations of associated
EBI3 and p35 was selected as the CHEB5 cell line.

4.3.2.4 Confirmation of EBI3, p35 and IL-35 overexpression in the established
CHO-IL-35 cell line

EBI3 overexpression in the CH@Q.-35 cell line was confirmed alongside other
established CHO cell lines by Western Blotting and ELISA. Lysates and supernatants
were prepared and analyseab described inSection 4.3.2.17 generating
representative data Lysates wre also assessed by Western Blotting to confirm p35
overexpression using antibodies previously described. A hum&@b IELISA kit
(Cusabio) was used to confirm-B5 secretion in conditioned medium samples.

4.3.3 Development of a FaDu cell line that overexpress and secretes human
IL-35

4.3.3.1 Development of a FaDu cell line that overexpresses human EBI3

FaDu cells were transfected with the EBI3 expression plasmid or the NTC plasmid as
described for CHO cells. Stable transfectants of each plasmid were selected using
G418 (500 e€g/ mL) . Stable NTC trans-fectan
NTC). Single clones from FaDu cells transfected with the EBI3 expression plasmid

were isolated, numbered and grown by limiting dilution. Brefeldin A was added to
cultures before lgis of surviving clones in RIPA buffer. Lysates were examined for
expression of EBI3 by SDBAGE/Western Blotting using the same antibodies and
concentrations as described for CHO cells. Recombinant humah (LO ng) was

used as a positive control.
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To canfirm overexpression and select the model FHBU3 cell line, positive clones

were subcul tured, treated with Brefeldin
Western Blotting (n=2). The clone expressing the highest concentration of EBI3 was
named FBuU-EBI3. After all FaDu cell lines were created, representative data
confirming EBI3 overexpression in established cell lines was obtained. Cell lines were
cultured, and lysates and supernatants analysed by Western Blotting and ELISA as

described for CHQells (Section 4.3.2L 7 generating representative dat

4.3.3.2 Development of a FaDu cell line that overexpresses human p35

In addition to FaDtEBI3, a FaDgp35 cell line was established to provide3g

negative controls and to enable investigation into therpiall roles of individual IL

35 subunits in the regulation of macrophage polarisation (Chapter 5 &aD)cells

were transfected with the p35 expression plasmid. Stable transfectants were selected
using puromycin (1 €9/ mLand gré&n byliméngc | one
dilution. Those that survived expansion were screened for expression of p35 by
Western Blotting. 10 eg of pr-RAGEEand per
analysed by Western Blot using an g6 antibody (as described for CHO cglls

Two of the highest expressing clones were cultured further, lgsedy35 expression
confirmed by additional Western Blotting with equal protein loading (n=2).
Untransfected CHO and FaDu cells were used as negative corfth@sclone
expressing the strongest p35 signal was selected as the-pBa&Duell line.
Representative Western Blot data confirming p35 overexpression in developed FaDu

cell lines was prepared as described for Giédls Section 4.3.2.%

4.3.3.3 Development of &aDu cell line that overexpresses both human EBI3
and p35

FaDuEBI3 cells were transfected with the p35 expression plasmid. Stable
transfectants were selected using both G
puromycin (1 eg/mL, egoof p88l kexpyseasiotr).
(treated with Brefeldin A) were analysed by SBAGE/Western Blotting to detect

clones that overexpressed p35 and maintained EBI3 overexpression.
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4.3.3.4 Detection of the secreted B5 heterodimer and establishment of the
FaDu-IL -35 cell line

Co-immunoprecipitationNestern Blating was used to identifiL -35 in supernatants
from candidate doubleransfected=aDu cell clones thato-expressed EBI3 and p35.
Methodsperformedwere as described for CHO cells with an alteratiomlenia the
secondary antibody used during detection of EBI3. To minimise potential masking of
EBI3 bands by eluted immunoprecipitation antibody, a goatnaatise 1IgG2b heavy
chain (HRP) (Abcam, 1:5000) secondary antibody was W3d@-IL-35 cell lysate
wasused as a positive contrdlhe clone displaying the highest concentrations of p35

and associated EBI3 was selected as the HREBbD cell line.

4.3.3.5 Confirmation of EBI3, p35 and IL-35 overexpression in the established
FaDu-IL -35 cell line

To generate represttive data confirming overexpression of EBI3, p35 an@3Lin

the FaDulL-35 cell line, lysates and conditioned medium from established FaDu cell
lines were prepared as describ&a¢tion 4.3.21 generating representative data

EBI3 overexpression wagonfirmed by Western Blotting and ELISA. P35
overexpression was confirmed by Western Blotting3H_secretion was confirmed

using an ELISA kit as instructed by the manufacturer-{Bazan) (n=1)
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4.4 Results

4.4.1 Development of a CHO celline that overexpresses and secretes human
IL-35

4.4.1.1 Development of a CHO cell line that overexpresses human EBI3

The firstaim of this Chapter was tase CHO cells to validate that successive stable
transfection procedures, which result in a cell line thagxqmesses human EBI3 and
p35, leads to intrinsic heterodimerisation and secretion of #3& lheterodimer in its
native form. The initial objective was to establesiCHO cell line that overexpressed
human EBI3 (CHGEBI3). CHO cells were transfected witn EBI3 expression
plasmid andstable transfectants selectesingG4 18 ( 50.0 € g/ mL)

Singlecloneswerescreened foexpression of EBI3 byWestern Bldtiing. Blot data is
shown inFigure 4.1A. Of the tested clone&BI3 expression was detected in Clone
fil only Fi gur e 4. 1 Aevidehcadnyepresericéf)a band ata 33 kDa,
which corresponded tine glycosylatedform of EBI3 (Devergne et al. 1997Thus,
the datashowed thastabletransfection of CHQells with the human EBI3®lasmid
successfullyesulted ima cell line that overexpressed EBA% the only clone in which

EBI3 was detected, Clone 1 was designated the-EB@ cell line.

After establishment of all transfected CHO cell linepresentative data confirming
overexpressionf humanEBI3 in developed cell lines was obtainegshtes (treated
with secretion blocker Brefeldin Aand supernatants (untreatedgreexamined for
expression and secretion of EBI@spectively. EBI3 overexpression in CHEBI3
cells was confirmed o Western Blotting(Figure 4.1B, Lane CHGEBI3) and its
secretion by ELISAKigure 4.1C). The data furtheconfirmed the establishment of a

CHO cell line that overexpresses and secretes human EBI3-EBHE).
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Figure 4.1 Detection of EBI3 expression in CHO cells stably transfected with the human EBI3 express
plasmid. CHO cells werestably transfected with EBI3 expression plasmid. Single clones were screel
expression of EBI3 byesternBlotting (recombinant IE35-Fc (IL-35-Fc) was used as a contrgh). After
development of CHO cell lines, lysates were analysed by Western Blottiogfiom EBI3 overexpressiofB).
Supernataistfrom CHO-EBI3 cells were analysed by ELISA to detect secreted EB)3 Untransfected CH
cells, or CHO cells transfected with an empty plasmid (ENHKT) were used as negative contréls:used ysate
from a sceened doubkransfectedCHO cellclone(CHO-IL-35-C7) wasused as positive controlb-Actin was
used as a loading contrélor the ELISA graph, bars represented m&#M. (N=3). Statistics were perform
using One Way ANOV Aocaestih codpare meang against pneransfected CHO cells
=n <0.0001.
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4.4.1.2 Development of a CHO cell line that overexpresses both human EBI3 and

p35
Thenextobjective was to develop a CHO cell line that overexpressed bothaflI3
p35, as ceexpression may result in formation of the3b heterodimerCHO-EBI3
cells were transfected with th#5 expression plasmid. Stable transfectants were
selected using both G418 (5@@/mL i to maintain selection pressure for EBI3
expressionpnd puromycin (5 e€g/mL, to select fo

plasmid).

Lysates were taken frorsolatedclonesand examined bwesterrBlot (Figure 4.2A).
P35 expression was detected in Clones 7, 8, 14, 15, 16 amtli$%vas evidenced by
bands present at31 kDa, corresponding to the dominant form of @&irphy et al.
2000) Faintb ands wer e al so detected Thesewdre 35 kD
indicative of theunstablgy35 precursor protejipresenprior to cleavage of the signal
peptide(Murphy et al. 200Q)Additional bands were also observ&ignak detected
near the 62 kDa marker were deemed either artifacts e$pecific antibody binding,
as they are also prest in all negative CHO cell controls in a subseqbésit(Figure
4.4B), or p35 complexes (possible dimers) that failed to be reduced pr&b$o
PAGEFi gure 4. 2A, il Owalltheeaata siyGestedithat o35 wvas
successfully overexpressadthe following stably transfected CHEBI3 clones 7,
8,14, 15, 16 and 17.

It was prudent tbothconfirm p35 overexpression but also assess the maintenance of
EBI3 expression in selected clonéds clones 7, 8, 14 and 15 displayed the highest

signal intensity for p35 expression, they were subcultured furtBgual protein
concentrations from col | ec WesternBlgtiegad es (1
confirmthe ceexpression op35 Figure 4.2B) and EBI3 Figure 4.2C). Expression

of p35 was confirmed in Clones 7, 8, 14 and 15, with bands present indicating
expression of thelominant31 kDaform of p35 Figure 4.2B). EBI3 expression

however, was only detectable in Clones 7, 8 andFlgufe 4.2C). Datatherefore
revealedhat, in at least three clones, transfection of the p35 expression plasmid into
CHO cells that overexpress EBI3 (CHEBI3), resulted irgeneration of single clones

thatco-expressdboth proteins.
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Figure 4.2 Western Blot detection of overexpressed p35 and EBI3 in clones from CHEBI3 cells stably
transfected with p35 cDNA. CHO-EBI3 cells were transfected with the p35 expression plasmid.
transfectants were selected using both G418 (for EBI3 expression) and pur¢ioypB5 expression)Single
clones were screened for expression of p38egtern Blot(A). Highest expressing clones were then ana
to confirm p35 expressioB] and maintenance of EBI3 expressi@@).(b-Actin was used as a loading cont
NS, nonspecific.

Cardiff University [145 School of Dentistry



Richard Ali Chapter 4

4.4.1.3 Detection of the secreted tB5 heterodimer and establishment of the
CHO-IL-35 cell line

The next objective was to detebe association and secretion of EBI3 and p35 as the
IL-35 heterodimer, and tgelect a clone that will represent the GHGO35 cell line.

To detect EBI®35 in culture supernatants, clones from CHBI3 cells transfected

with the p35 expression plasmidClone 7, 8, 14, 15) were subcultured and
supernatants collected. P35 was immunoprecipitated from solution and associated
EBI3 detected by canmunoprecipitationSuccessful immunoprecipitation of p35
(Figure 4.3A) and capture of interacting EBIFigure 4.3B) were detected by
Western Blotting.

p35 was successfully immunoprecipitated in all testedes Figure 4.3A). Similar

to intracellularWestern Blotdata, the highest signal of secreted p35 was detected in
Clone 7, with the lowest in Clone 1Western Bot data using the an&BI3 antibody
confirmed successful eéenmunoprecipitation of EBI3 in Clones 7, 8, 14 and less so
in 15 (Figure 4.3B). EBI3was also detected in the positive control lane (recombinant
human IL-:35), but at a slightly higher moleculaveight, suggesting differential
modifications in secreting cellsWhen assessingthe efficiency of co
immunoprecipitation, band intensities observed were similar between 2% input and
flowthrough controls, both for EBI3 and p35. This was likely indicatifreeny high
concentrations of each protein in solution, rather than inefficiency of the assay to
extract sufficient targgtrotein EBI3 was also detected in the IgG contiithis was

likely captured in residual sample supernatant that failed to be rerfrometeads or

tubesduring wash stepgerformedprior to elution.

Overall, the data confirmed the natural association betweermessed human EBI3

and p35 in culture supernatants taken from double transfected CHO cells. This
suggested that ¢hdevisednethodology successfully culminateddstablishment of

CHO cell lines that overexpress human-85in its native formAs Clone 7 had the
highest signaktrengthdetected for ceammunoprecipitated EBI3 and p35, it was
selected as the CH{D.-35 cell line.
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Figure 4.3 Detection of IL-35 in culture supernatants via interactions between cexpressed EBI3 and p3!
Supernatants were collected from clones of GERI3 cells transfected with the p35 expression plasmid (¢
7, 8, 14, 15). p35 was immunoprecipitated from sotuusing an antp35 antibody. Precipitated p88) and ce
immunoprecipitated EBIB) were detected bWestern Blaing. IgG chains eluted from pulldown antiboc
are shown at approximately 28 and 50 kDa. Input and flowthrough controls contaiol@%e of the Clone
sample taken before and after immunoprecipitation. IgG control contains Clone 7 supernatant treatec
dynabeads without the use of ap85 antibody.
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4.4.1.4 Confirmation of EBI3, p35 and I1-35 overexpressioin the established
CHO-IL-35 cell line

Representative data confirmirtge overexpression of EBI3, p35 and-85 in the
CHO-IL-35 cell linewas next obtainedCHO-IL-35 cells were subculture@nd
collected lysates (treated with brefeldin A) and supemsatantreated) examined by
Western Blot and ELISA, respectively. Western Blot data confirmed overexpression
of EBI3 (Figure 4.1B, Lane CHGIL -35). EBI3 ELISA data confirmed secretion of
overexpressed EBIJF{gure 4.4A). Coexpression of p35 was confirmbg Western
Blotting (Figure 4.4B). Additional bands were also detected above 50 kDa in the
CHO-IL-35 samples, which were likely capture of sreduced p35 in protein
complexegFigure 4.4B, labelled *). Bands above 62 kDa (labelled NS/dimer), were
presumedonspecific as they werdetected imegative controls. Though, the non
specific target may also be credstected with dimers of 31 kDa p35 that failed to be
reduced. Attempts to confirm 485 secretion using an ELISA kit failed, as due to lack

of antibody specificity, the data was deemed unreliabég not showr).

In summary, datéghus farconfirmed that stable transfection of CHO cells with the
EBI3 expression plasmid, followed by that of the p35 expression plasmidgecksult
co-expression of botproteins These proteinsiteraced naturally to form the IE35
heterodimer. Thus, this methodology resulted in successful formation of ac€IHO

line that overexpressed human3b in its native form.
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Figure4.4 Confirmation of EBI3 and p35 overexpression in the GHG5 cellline. Cell lysate and supernat.
taken fromdeveloped cell linewereanalysedo confirm overexpression of p35 by Western Blad aacretio
of EBI3 by ELISA. ELISA data is shown inA). P35 overexpression was confirmed by blot d@a
Untransfected CHO cells, or those transfected wittomtrol plasmid (CHGNTC), were used as negat
controls. A previously used cell lysate (CHIO-35-C7) wasusedh s a p 0 s i tActw was asecas
loading control. NS, nespecific. NTC, negative transfection contrbihon-reduced p35 complexeBor the
ELISA graph, bars represented meS&M. (N=3). Statistics were performed using One Way ANOVA
Du n n et thdc $est,foacantpare means against untransfected CHO cells. **** = p <0.0001.
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4.4.2 Development of a FaDu cell line thabverexpresses and secretes human
IL-35

4.4.2.1 Development of a FaDu cell line that overexpresses human EBI3

The next Chapter aim was to use the same methodology to establish a FaDu cell line
that overexpressed and secreteeBH. To complete this, thérst objective was to
establisha FaDu cell line that overexpressed EBI3 (F&tRI3). FaDu cells were
transfected with the EBI3 expression plasmidl stable transfectants selected using
G418 (500eg/mL). Isolated single clones were then screened to détesé which
overexpressed EBI3. Western Blot data confirmed EBI3 expression in Clones 4 and
14 (Figure 4.5A). Additional bands detected above the 160 kDa marker were assumed
a result of norspecific bindingof the antEBI3 antibody, as it was also preseanthe
nonhuman CHO cell samplélhus, stabletransfection with the EBI3 expression
plasmid resulted in twBaDu cellclones that successfully overexpexs&BI3.

To confirm overexpression of EBI3, and to select a clone that would represent the
FaDUuEBI3 cell line, lysates were taken from Clones 4 and 14, godlerotein
concentration§ 1 0 € g) anal ys ex?).Datg obisaes coafirmed tBat o t
Clone 14 expressed high levels of EBI3, whereas EBI3 could no longer be detected in
Clone 4(Figure 4.5B). As Clone 14 was confirmed to overexpress EBI3, and at levels

higher than in Clone 4, it was selected as the HaBIB cell line.

After development of all transfected FaDu cell lines, representative data was generated
to confirm EBI3 overexgession and secretion in relevant cell lines. Lysates and
supernatants were collected and analysed. Western Blot Figiarq( 4.5C) and

ELISA data Figure 4.5D) confirmed EBI3 overexpression and secretion in the FaDu
EBI3 cell line. The data therefore denstrated that stableansfection of FaDu cells

with the EBI3 expression plasmid successfully resulteesiablishment of &aDu

cell line that overexpresdeand secreteduman EBI3 (FaDEBI3).
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Figure 4.5 Detection of EBI3 overexpression in stably transfected FaDu cell§aDu cells were stak
transfected with the EBI3 expression plasmid. EBI3 expression was screened in single cMesseloy Blc
(A). Confirmation of expression was assessed in selected clovéedigrn Bloi(n=2) B). Overexpression a
secretion of EBI3 in the FaBDEBI3 cell line were confirmed byVestern Blating (C) and ELISA D),
respectively.NS, nonspecific. For the ELISA grah, bars represented me&BEM. (N=3). Statistics wer
performed using One Wa yho&At&sDW dompzare dheabsiagams tntrabsi&et B

cells. **** = p <0.0001.
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4.4.2.2 Development of a FaDu cell line that overexg®es human p35

To study thepotentialroles of individual 1:35 subunits inthe regulation of arti
tumour immunity in HNSCCand as anegative control of the H35 overexpression

cell mode] the next objective was to generate a FaDu cell line that overssent
human p35FaDu cells were transfected with the p35 expression plasmid and stable
transfectants sel ected usloidegtifysingteclongsc i n
that successfully overexpressed human ha&tes were collected and analysed by
Western BlotData showedhat p35 was overexpresseddiones 4, 5, 6, 7, 10 and 12

(Figure 4.6A). Ineach of these sampl es, both the

and the dominant 31 kDa fosrof p35were detectedAdditional bands detected
between % and 30 kDa markers (labelled with *) were presump88 degradation
productsThe data thus revealdtesuccessful overexpression of p35 in several clones

from stably transfected FaDu cells.

It washextassessed whethgB5overexpression could be comfied, and which clone
expressed the highest concentration of p35, that weuikdequentlyepresent the
FaDup35 cell line.As Clone 7 and 1displayedthe highest p3Signalintensities in

the previous experiment, they were subcultured and lysates frosepaoate cultures
analysed for p35 expression lyestern Bldiing. p35 expression was confirmed in
both clones Figure 4.6B). Band intensity appeared to be highest in Clone 7. P35
detected was at a slightly lower molecular weight than in the recombine8§ |
control, which may be due to additional glycosylation of the secreted form of p35
(Murphy et al 2000) A band at a higher molecular weight was also detected in the
control, and may represent a p35 dimieig(re 4.6B, Lane, rhll-35). Additional
bands labelled NS (nespecific) were deemed so as they were detected in
untransfected CHO cells whidre not humanThe resultdrom these experiments
conveyedthat Clone 7 overexpressed the highest concentration of human p35 after

stable transfection, and thus was designated the-p&8beell line.

Data representing p35 overexpression in the designaied 35 cell line was next
acquired The selected clone was subcultured, and lysate analyséd/dsyern
Blotting. The cata confirmedverexpression of p35 in the Falp@5 cell line Figure
4.6C). A faint band was detected, though this was likely a reflecif comparatively
lower expression when compared to the FAIDB5 and CHGIL-35 lysate samples,
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and possibly required a longer exposure tideerall, the data suggested that stable
transfection of FaDu cells with the p35 expression plasmid successdsilited in

overexpression of p35 and the establishment of a fedBLcell line.

4.4.2.3 Development of a FaDu cell line that overexpresses both human EBI3
and p35

As performed with CHO cells, FaBEBI3 cells were transfected with the p35
expressiorplasmid.Stable transfectants were selected in culture medium containing
antibiotics for both EBI3(G418 50 0 ¢ cgahdnp39(puromycin 1 € g/ mL)
expression plasmidsTo identify clones thabverexpressed p35 and maintained
expression of EBI3lysates taken from isolated clones were analysed by Western
Blotting. P35 expression was detected in Clones 9, 17 anBi@aré 4.7A). EBI3
expression was maintained in Clones 9, 17, 18 and 25, but was not detectable in Clones
1 and 13 Figure 4.7B). Lack of EBI3 signal in the recombinant 485 sample was

likely due to poor stability of the cytokin€he datahereforedemonstrated #t stable
transfection of FaD{EBI3 cells with the p35 expression plasmid successfully resulted

in clones that cexpressedEBI3 and p35.
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Figure 4.6 Detection of p35 overexpression in transfected FaDu cellBaDu cells were transfected with
p35 expression plasmid and stable transfectants selected using puromycin. P35 expression was detec
clones usingVestern Blating (A). Expression w&s confirmed in selected clones by additiovastern Bloting
(n=2) B). p35 expression was confirmed in the designated FEBucell line byWestern Blating (C). * p35
degradation product. ** nereduced p35/sample spillover

Cardiff University [1559 School of Dentistry



Richard Ali Chapter 4

(A)
kDa
N DA D A9 0 S
LR T N
&
(B kDa

EBI3

B-Actin

b

v O

{

Q@

Figure 4.7 Detection of p35 and EBI3 expression in FaD&BI3 cells transfected with p35FaDUEBI3 cells
were transfected with the p35 expression plasmid. Single clonesstadie transfectants were examinec
expression of p354) and EBI3B) by We s tAetin was Bskedas a loafling control.
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4.4.2.4 Detection of the secreted B5 heterodimer and establishment of the
FaDu-IL -35 cell line

Following detection of clonabat ceexpresse@BI3 and p35, the next objective was

to identify in which of these clones EBI3 and p35 were secreted in association with
each otheas the [-35 heterodimer, and to select the highest expressing clone as the
model FaDulL-35 cell line Clones 9, 17, 18 ah25 which coexpresed EBI3 and

p35, were subcultured and their supernatants colleg8&dwas immunoprecipitated
from each sample using an ap85 antibodyTo confirm immunoprecipitation of p35

and association of EBI3, afniB5 and antEBI3 antibodes were used during/estern

Blotting, respectively

Blot data using the anfi35 antibody confirmed the successful immunoprecipitation
of p35 from the supernatants of Clones 9ahd 25 Figure 4.8A). Signal strength
was high in Clones 9 and 25 but waaah lower in Clone 17. Bands corresponding
to p35 were higher in molecular weight when compared to that of the control (lysate
from CHOIL-35 cells), possibly reflecting additional glycosylation of the secreted
form of p35(Carra et al. 2000; Murphy et al. 2008 with previous data, p35 could
not be detecteth Clone 18. Additional bands were detected in the control @HO

35 lysate sampl@-igure 4.8A, Lane CHO-L -35). The signal proximal to the 75 kDa
marker was observed previously and deemed eithespedific signal, or captured
protein complexes contaimg nonreduced p35Figure 4.7A, Figure 4.8A, Lane
CHO-IL -35). The band detected above 250 kDa may be a lgngdein complex

containing p35

Co-immunoprecipitation of EBI3 was detected in ClonedB, 18 and 25Kigure

4.8B). As p35 was not detectable Clone 18, EBI3 signal observed in this clone was
likely either, ceimmunoprecipitated EBI3 bound to p35, the latter of which was
present but at concentrations too low to be detected, or free unboungreBdait in
residual supernatant that had failethdéaremoved by wash steps before sample elution.
The latter was also assumed of bands depittiegresence of EBI3 in the IgG control
lane.Alternatively, this signal could have been produced via leakage of sample from
the positive control during loadingf SDSPAGE gels An additional band was also
detected below the IgG light chain in Clones 9, 25 and the IgG controlThase

were likely transient signals of EBI3 that had been degraded through sample
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preparation, ovia the possiblactivity of secréed proteases. Together, p35 and EBI3
data showed that Clone 25 expressed and secreted the highest concentration of
associated EBI3 and p3B.-35). Clone 25 washereforedesignated the FabilL-35

cell line.

4.4.2.5 Confirmation of EBI3, p35 and I1-35 overexpresion in the established
FaDu-IL -35 cell line

The final objective of the chapter was to generate dia# representedhe
overexpression of EBI3, p35 and-85 in theestablishedraDuIL-35 cell line.After

further subculture, lysates and supernatants aweatysed by Western Blotting and
ELISA. p35 expression in FaBllL-35 cells was confirmed by Western Blotting
(Figure 4.6C, Lane FaDulL -35). Additional bands were also detected. In the FaDu
IL-35 and control CHAOL-35C7 sampl es, S i g nOaktla (maeked det e
**). This band had been detected previously in GEHBI3 cells transfected with the

p35 plasmid Figure 4.4B). As it had not been seen in previous FaDu cell blots
detecting p35, it was possible that this band was derived from protein thHatkead

from the CHQIL-35-C7 lane into the FaDiL-35 lane during SD®AGE loading.
Alternatively, as previously stated, it may depict a-nesuced p35 complex common

to both cell lines. Another band was detected slightly under the 98 kDa marker in the
FaDu-IL-35 sample. This was likeljrom background, nespecific staining that
failed to be washed away, @ss signalwasfaintly detectable in other lanes.strong

signal was also detected in the CHO35-C7 control lane above the 62 kDa marker
(labelled A p 35 cThismmdy eepiot dimesation of the 35 kDa (glycosylated

but not processed) or 36 kDa (ready to be secreted) forms of p35, or p35 in complex
with EBI3, all of which may not have been completely reduced prior toBAGE.

EBI3 expressionn the FaDulL -35 cell line was also confirmed by Western Blotting
(Figure 4.5C, Lane FaDulL -35) and ELISA Figure 4.9A). IL-35 formation and
secretion was confirmed using a humar3Bi ELISA kit (Figure 4.9B). Therefore
the sum of data in this Chapter hsalidated the proposed methodology. It
demonstragd that successivestable transfectiaof FaDu cells withthe EBI3
expression plasmid, followed by that of {h&5 expression plasmidulminatedn the
development ot HNSCC cell line that overexpressed the38 heterodimer in its

native form
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Figure 4.8 Detection of IL-35 secretion via association of EBI3 and p35 in FaDu cells that-eapress EBI:
and p35 FaDu cell clones that eexpressed EBI3 and p35 were subcultured and supernatants collected.
immunoprecipitated from solution using an g6 antibody. Eluted protein was analysed for detectic
precipitated p354) and associated EBIB) by Western Bloting.
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Figure 4.9 Confirmation of EBI3 and IL -35 secretion in the FaDuL -35 cell line.The FaDulL-35 cell line
was subcultured and lysates and supernatants collected. Lysates were examined by Western Blot
overexpression of EBIZfown in Figure 45C) and p35 (showim Figure 4 .6). Secretion of EBI3 was confirm
by ELISA (A). Bars represented meg®EM. N=3. Statistics were performed using One Way ANOVA
Du n n et thdc $est,foocsnpare means against untransfé@Bdicells. **** = p <0.0001. Secretion of Ik
35 was confirmed by ELISAB). N=1. Samples ran in duplicate. Data represents mean+SD.
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4.5 Discussion

Interleukin 35 (IL:35) is an immunosuppressive cytokine that can inhibittantiour
immunity. Studies in Chapter 3 reported that HSCC cell lines FaDu and H357

significantly upregulatéL-3 5 gene expression in respons

andTNRJ. This may reveal a mechanism-used

tumour immunity. To study the potential role of HNS@€rived IL-35 in the
regulation of anttumour immunity, this Chapter sought to develop ar3%L
overexpression modeising Fali cells Unlike those in previous reports, the model
derived in this Chapter was intended to produceé3iLin its native form. It was
hypothesised that, by using stable transfectmrdevelop aFaDu cell line that
overexpressEBI3, followed by stable &msfection of these cells to establish a cell
line which also overexpres$e35, ceexpressed EBI3 and p3bould naturally
associatewithin the cell. They would then beconsecreted together as thie-35
heterodimer.Experiments performed verified that shmethodology successfully

created a FaDu cell line that overexpresse83L(FaDulL -35).

4.5.1 Chapter Methodology

To developthe FaDulL-35 cell modela detailed approach was used. Vector design
was first considered. As FaDu celisay have beedlifficult to transfect, circular
plasmids wereused DNA from circular plasmids areansfected at higher efficiencies
thanfrom linear plasmids. This is because, when entered into cells, linear plasmid
DNA are vulnerable to destruction by cytoplasmic exonucle@ses Groll et al.
2006; McLenachan et al. 2007)

Previous 1L-:35 cell models often use vectors encoding both EBI3 and p35 genes
(Collison et al. 2007; Niedbala et al. 2007; Wang et al. 20T8#& current study
employedwo individual plasmids for the respective overexpression of EBI3 and p35.
To promotehigh levels oftrangene expressigrand subsequent production of #ull
length, functional proteins, each plasmid incorporated open readingsfadragher

the EBI3 or p35 gene, both under the control of the strong CAG prontfatei.
plasmid was also designed to contain genes that conifieicsigtresistance, necessary

to generate stably transfected clor@sally, to transfer plasmid DNA into target cells,

the lipofection method, using the Lipofectamine 2000 reagentusedas ityields
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high transfection efficiencies whilst minimisingtdment to cell health. Using these
designs, it was expected that stable transfection wimald tothe integration of
plasmid DNA into the host cell genome. Here, transcription via the activity of the
strong CAG promoterdrives transgene overexpressjomhich is followed by

production offull -lengthprotein.

Following plasmid design, a novel approach was devised to develop cell lines that
overexpressdIL-35 in its native formlL-35 is a heterodimer of EBI3 and p35, which
interact in a noftovalent mannerPrevious reports have used a single transfection
procedure, involving the transfer of a plasmid containing linker peptides that ensure
covalent associations between EBI3 and (36llison et al. 2007; Niedbala et al.
2007; Wang et al. 2016a)hese interactions do not mimic the natural formation of
the IL-35 heterodimer. To account for thinsthe current study, cells were transfected
with two separate plasmids. Moreover, rather than transfecting both plasmids at the
same time, it was proposed that a cell line that overexpressed EBI3 would be
established first. These cells would then be gtédainsfected with the p35 plasmid,
creating a cell line that eexpressed both subunits. Cells would then be assessed to
determine the natural association of these subunits, and their secretion as the native
IL-35 cytokine CHO cells wereised to validatthe methodology prior to transfecting
FaDu cells as they are highly amenable to transfectionaedconsidered standard

for recombinant protein productigiWurm 2004) Once validated, the sarapproach

was applied to FaDu cells.

A gap betwen stable transfections with each plasmid was deemed important. This
may have mitigated potential detrimental effects caused by adding both at the same
time. Transfection of large amounts of exogenous DNA may have induced cell stress
and affected cell viality. It may also have caused transgene silencing as a protective
response. An advantage of the approach used, wais ¢naibled the development of
FaDucell lines that overexpresd EBI3 or p35, independently aineandher. These

could be usedh future experimentso investigate th@otentialroles of each subunit

in HNSCGC whilst alsorepresentingnegative controls of H35 overexpression
Considering these pointthe propose@pproach was deemed suitableathievethe
Chapter aims
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There were lintations to the applied methodology. Transgene expression is
predicated upon integration of plasmid DNA into the host cell genome. Integration
occurs at random loci, which hagveraldrawbacks. Circular plasmids require
linearisation to generate loose DNAdswhich are then integrateleavageof the
circular plasmidoccuss at random site¢Finn et al. 1989; Wurm 2004%houldthis
happen at a locus whighterrups transgeneoding regios or regulatoryelements

correct proteinproduction maynot take phce A limitation therefore, is that
approximately two months were required to isolate and expand single clones from
polyclonal stable transfectants, and then screen which clones integrated the plasmid

correctly resulting in protein overexpression.

There vas also a risk that random integration of plasmid DNA occurred at loci which
interrupted the coding region of important host genes. Mutations in these genes may
causeunintended changes to cell health and/or behavlwommon side effect of
random integation is theoccurrence of de novo transgene silenciftys may cause
heterogeneousansgene expressian developedcell lines which over time could

lead to complete loss of expressiGWurm 2004) To circumvent these issues,
alternative apmaches could have been used.dgguiring the genomic sequence of

the host cell line, sitepecific integration technologies including do& (Bode et al.

2000; Hamaker and Lee 2018)p-FRT (Zhou et al. 2010; Turan et al. 20E8)d zinc

finger nuclease¢Malphettes et al. 2010; Liu et al. 2017; Hamaker anel 2@18)

could have been adopted. Advantages of these include, improved integration
efficiencies and high gene expression in sevdaales(Liu et al. 2017; Hamaker and

Lee 2018) Loci-specific integration also minimises d#rget effects caused by host
gene mutationsThese technologies are very lengthy and labotiooigsgh and do not
produce cell lines immune to genetic and epigenetic changes that could silence
transgenes ovdime. Regardless of thémitations, the methodology applied in the
Chapter successfully resulted in establishment of CHO and FaDu cell lines that

overexpressed H35, andthuswas fit for purpose.
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4.5.2 Development of a CHO cell line that overexpressed humai {35

4.5.2.1 Development of a CHO cell line that overexpressed human EBI3 (CHO
EBI3)

Stable transfection of CHO cells with the EBI3 expression plasmid resulted in
generation of a monoclonal cell line that overexpressed human EBI3. After stable
transfection, singlelones were screened for EBI3 overexpression. This was only
detected in a single clone. Lack of detection in other screened clones could indicate a
limitation of low plasmid integration efficiency. This could be improved by using
restriction enzymes torearise plasmids, preferably at pooding regions, prior to
transfection. This would ensure that a higher number of clones which integrate
plasmids overexpress EBI3. This approach would require optimisation of the
transfection protocol to minimise cytoplaic degradation of linear plasmid DNA.

It is also important to consider that EBI3 is readily secreted. During this particular
experiment, secretion was not blocked using Brefeldin A. It is possible that EBI3 was
overexpressed in other clones, but was tiyosecreted, preventing detection of
sufficient intracellular concentrations. Evidence supporting this came from subsequent
analyses, where high EBI3 signals were detected in-EB@ lysates when secretion

was blocked. Ideally, an ELISA would have beeedi further assess expression in

other screened clones, but a kit was not available at the time of experimentation.

Nevertheless, data from the initial screen, and confirmation experiments which
demonstrated intracellular overexpression and secretion &, pBvided evidence
validating that stable transfection with the designed plasmid led to generation of a
CHO cell line that overexpressed human EBI3 (CHEI3).

4.5.2.2 Development of a CHO cell line that eexpressed human EBI3 and p35.

After stable transfeatn of CHGEBI3 cells with the p35 expression plasmid, Western
Blot data displayed p35 overexpression in several of the screened clones. Additional
bands were also detected. A band was observed slightly above the 62 kDa marker
(Figure 4.2A). This signal cold have represented noaduced dimers of the 31 kDa

form of p35. Though, as this signal was also found in untransfected CHO cells in
subsequent blots={gure 4.4B), it could also be derived from the crassctivity of

the antip35 antibody to a proteimiCHO cells that shares a similar target epitope. A
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band at a slightly higher molecular weight was also observed in lysate analysed from
Clone 15 Figure 4.2A). Thiscould have been from needuced p35 dimers (secreted

36 kDa form) or nosreduced p35 bouhto EBI3. The identity of these proteins could

be confirmed by mass spectrometry. Alternatively, another antibody could have been
tested to assess cragmctivity. However, as these bands were not always present
when detecting p35 in this Chapter, progethat created this signal were possibly
transient, products of incomplete sample reduction,gpatific, or very low in
concentration. Despite detection of other signals, the data revealed that stable
transfection of FaD{UEBI3 cells with the p35 expreass plasmid successfully resulted

in viable clones that overexpressed p35.

It was important to confirnthat clones expressing p35 also maintained EBI3
expression. In a subsequent analysis, p35 overexpression was confirmed these clones,
but not all of thenmaintained EBI3 expression. Expression was reduced in some
clones Figure 4.2C, Clone 1%, and undetectable in otheEdure 4.2C, Clone 1%.

This raised the question of how EBI3 expression could have been reduced or lost in
the stably transfected CHBBI3 cell line. Possible answeilgsclude i potential
integration of p35 plasmid DNA into the genome at sites which interrupted EBI3
transcription, particularly if there was sequence similarity in design elements common
to both plasmids. Also, loss of transgesxpression within the clone could have been
caused by epigenetic silencing, used to reduce cell stress from excess addition of
exogenous DNA. Alternatively, the CHBEBI3 cell line may not have been truly
monoclonal, instead comprising a homogeneous ptipual of cells that expressed
EBI3, and some that either silenced, or integrated plasmid DNA in such a way that
EBI3 was not transcribed. In turn, cells that lost transgene expression may have

proliferated faster, eventually diluting out expressing cells.

To mitigate these possible limitations, plasmid design could have been altered to
minimise sequence similarity. Alternatively, site directed integration technologies
could have been utilised to avoid potential plasmid recombination. Silencing by
methylaton could have been minimised by switching promoters, perhaps instead
using the EFLU promoter that has been reported to maintain stable transgene
expressiorfMatzke et al. 2000; Wang et al. 201If) the event that EBI3 was silenced
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in some cells, limiting dilution could be repeated t@stablish monoclonal cell lines
that overexpress EBI3.

Regardless of these limitatis, the methods used generated more than one clone that
co-expressed EBI3 and p35, and as such was successful in achieving the intended
objective. Interestingly, when ezxpressed, levels of EBI3 and p35 expression were

in directcorrelation(Figure 4.2B, Figure 4.2C) Thiscould have been indicative of

the role EBI3 plays in the stabilisation of p@Eevergne et al. 1997)

4.5.2.3 Detection of IL-35 formation and establishment of a CHO cell line that
overexpressed human H35

Similar to work by DevergnéDevergne et al. 1997foimmunoprecipitation was

used to identify the natural dimerisation ofexpressed EBI3 and p35 to form native
IL-35. EBI3 is readily secreted with or without p35, whereas p35 is secreted in
association with biding partners. To prevent saturation of Dynabeads with EBI3 that
was not bound to p35, and to maximise detection of EBI3/p35 heterodimers, p35 was
selected to be immunoprecipitated from sample supernatants before detection of
associated EBI3. Conmunopreitation data evidenced the success of the proposed
methodology and validated the Chapter hypothesis. It revealed that when co
expressed, p35 was indeed secreted in association with EBI3 in all tested clones. This
suggested that these subunits naturafiferacted in cells, and that the-35

heterodimer secreted was in its native form.

Data was produced to represent overexpression of EBI3 and p35 in the designated
CHO-IL-35 cell line. When detecting p35, signal was also detected slightly above the
49 kDamarker Figure 4.4B, marked *). As this signal was only present in lysates
from cells that overexpressed p35, it was likdgrived from norreduced p35 in
complex with an unknown protein. As previously discussed, the signal detected above
the 62 kDa marér may be nospecific, or from nofreduced p35 dimers, suggesting

a possible need to alter sample reduction protocols. EBI3 overexpression and secretion
were also confirmed in the CHIR-35 cell line. However, due to poor specificity; IL

35 secretion codl not be confirmed using the ELISA kit purchased by Cusabio.
Despite this, communoprecipitation data, both from the current Chapter, and when
used as a positive control in Chapter 3, sufficiently demonstrated enough evidence that
EBI3/p35 dimers were famed in the culture supernatants of the established-CHO
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35 cell line. Overall, data from CHO cells supported the hypothesis and validated that
the proposed methodology.

4.5.3 Generation of FaDu cell line that overexpress L35
4.5.3.1 Development of a FaDu cell linehtat overexpressed EBI3 (FaD&BI3)

Following validation of the methodology, the same approach was used in FaDu cells
to develop a HNSCC cell line that overexpresse83LA FaDuWEBI3 cell line was

first established. After transfection, of the thirteen nel® screened, EBI3
overexpression was only detected in two. The limitation of low transfection efficiency
when using the EBI3 expression plasmid appeared to be common in both CHO and
FaDu cells. As previously stated, this could be remedied by linearlsenglasmid

prior to transfection, using a different promoter, or by applying-crected

integration technologies.

From the two candidate cloné€3one 14 was confirmed to overexpress high levels of
EBI3 and was thus designated the FabDEBI3 cell line. However, in the same
experimentWestern Blot detection &BI3 could not be replicated in Clone 4. EBI3
may have beeexpressed, jugit a much lower level when compared to Clone 14, and
thus required additional exposure of the blot 4@y film to enake signal detection.
Otherwise, EBI3 expression could have been reducedplyeneticsilencing or
diluting out of expressing cells by those which have lost or possibly never expressed
the transgene

The chosen FaDEBI3 cell line was confirmed to overengss and secrete EBI3.
Thus, egardless opoor integration efficiencieshe method was successful and
supported the chapter hypothesis. In futitreyay be prudent téreeze a large stock

of low passage cells, and thessesthe maintenance &BI3 expressionoverseveral
passagesrThis would provide evidence that overexpression is likely to be maintained

during cell culture in upcoming experiments.

4.5.3.2 Development of a FaDu cell line that overexpressed p35 (Fgi35)

In addition to FaDtEBI3, a FaDu celline that overexpressed p35 (Fap85) was
also established. This was done to generate negative control8bfaerexpression

and to investigate roles of each subunit in HNSCC immunity. After stable transfection,
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all tested clones overexpressed p35.sThuggested a high plasmid integration
efficiency. In addition to signal depicting p35 (31 or 35 kDa), Western Blot data also
displayed bands in atlones at approximately 23 kDRigure 4.6A, labelled %. The

identity of this signal is unknown. It wastdeted at too low a molecular weight to be

the unglycosylated form of p35 (30 kD@Jurphy et al. 200). Considering this signal

was not found when p35 expression was later confirfgpli(e 4.6B), and that p35

is unstable, this signal may correspond to processed p35 forms that are present

transiently during degradation.

The highest expressing clonasvdesignated the Fafp35 cell line. However, when

p35 overexpression was tested alongside other developed cell lines, signal observed
was low Figure 4.60). In this experiment, blots were exposed to x ray film for less
than 15 seconds. This was ddieeprevent overexposure of signal detected in the
CHO-IL-35 and FaD4L-35 samples. As equal protein was loaded between samples,
low signal in the FaD35 cell lysate was indicative of much lower expression levels
when compared to CHQ.-35 and FaD4L-35 cel lines. Nevertheless, positive data

from three separate lysate samples provided sufficient evidence that stable transfection

with the designed plasmid resulted in p35 overexpression in the-p2cell line.

4.5.3.3 Development of a FaDu cell line that eexpressed EBI3 and p35

As with CHO cells, it was explored whether stable transfection of H2BI8 cells

with the p35 plasmid results in-@xpression of both proteins. After transfection, co
expression was detected in three of the tested clones, thoughssigngth was low.

This wasattributedto poor performance of the ECL substrate rather than lack of
protein production, as when replaced, later blots showed stronger signal intensity.
When analysing the data further, it was noted that p35 was detecteohies®, 17

and 25 Figure 4.7A), while EBI3 protein was found in Clones 9, 17, 18 and 25, but
lost in clones 1 and 1Figure 4.7B). EBI3 may not have been detected due to poor
ECL performance. Other reasons include those given for CHO cells, consisting of
reduction/loss of expression by recombinatadrthe integrated EBI3 plasmid with

p35 plasmid DNA, interruption of EBI3 expression by transfected p35 plasmid DNA,
gene silencing, or polyclonality in the FalBBI3 cell line. Despite loss of expression

in some clones, the method successfully developed FaDu cell lines thapeessed

EBI3 and p35.
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4.5.3.4 Detection of IL-35 formation and establishment of a FaDu cell line that
overexpressed H35

As with CHO cells, it was investigated whethereopressed EBI3 anuB5 naturally
associate in FaDu cells to generate th&3Lcytokine in its native form. Three of four
co-expressing clones were found to secrete p35 in association with EBI3.
Immunoprecipitated p35 was detectable in Clones 9, 17 and 25, but was absent in
Clone 18 Figure 4.8A). EBI3 however, was detectable in supernatants from all four
samples Figure 4.8B). Detection of EBI3 in Clone 18, the sample in which
immunoprecipitated p35 was not detected, was unexpected. It is possible that p35 was
present, buat too low a concentration to be detected, and that EBI3 bound to p35 was
at a concentration detectable by the appliedEBBtB antibody. Bead loss during wash
steps, or poor elution of protein from beads in that sample, may also have contributed
to redution in detectable p35. Furthermore, EBI3 could have been detected in residual

supernatant that may not have been removed from beads during wash steps.

When detecting canmunoprecipitated EBI3, an additional band signal was identified
in Clones 7 and 25dbow the 25 kDa markeF{gure 4.8B).These were also detected

in previous studiefDevergne et al. 199'@nd were described therein as degradation
products. As IL35 is unstable, it is conceivable that the signal in this study was
derived from the transient preseof degraded EBI3. EBI3 could have been degraded
during sample preparation (freettewing or sample heating prior to SIPAGE), or
through the potential activity of secreted proteaSémuld the latter have been the
case, application of protease inhdrs to sample supernatants may have been

beneficial.

As the clone displaying the highesterpression of interacting p35 and EBI3, Clone
25 was selected as the Faluit35 cell line. Data was generated using lysates and
supernatants from this cell line,hieh confirmed successful overexpression and
secretion of EBI3, overexpression of p35, and secretion-8blusing a test ELISA

kit purchased from Bi®cean. Moreover, lysates from this cell line were used-n co
immunoprecipitation experiments in Chap8(as a positive control). The Chapter
thus confirmed that EBI3 and p35 naturally dimerise within FaDu cells prior to
secretion as the IB5 cytokine. Therefore, the Chapter studies successfully developed
a HNSCC cell model that overexpresseeBH.in itsnative form.
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In future, it may be advantageous to ensure a large stock of frozen cell lines at a low
passage number. Using them at a low passage numbers would reduce the likelihood
of transgene silencing that may occur over time. It may also be prudestdes
whether transgene expression is lost over several passages. Should this occur,
repetition of the limiting dilution procedure may be useful testablish monoclonal

cell lines that overexpress the transgene. To investigate the role-3§ thore
robustly, generation of a knockout cell line would have been ideal. Studies using this
cell line could have enabled comparisons to be made with untransfected and
overexpression cell lines. While attempts were made to establish arkE@iRout

cell line usigp CRISPRCas9 technology, this could not be completed within the

timeframe of the project.

45.4 Conclusions

The current Chapter aimed to generate a FaDu cell line that overexpregtenh lits
native form. This model cell line could then be used as a statlyatinvestigate the
role of HNSCCderived IL-35 in the regulation of antumour immunity. It was
hypothesised that, by using stable transfection techniques to develop a cell line that
overexpressed EBI3, and then transfecting these cells to geneeditéireedhat also
overexpressed p35, their -e@pression would result in natural association and
secretion as the native-B5 heterodimer. Data generated using CHO cells supported
the hypothesis and validated the methodology. Stable transfection reisulieel
establishment of CHO cell lines that overexpressed human EBI3EBI8) and ce
expressed EBI3 and p35 which were found to be secreted in association a8%he IL
heterodimer (CHAL-35). The method was then applied to FaDu cells, culminating
in the establishment of FaDu cell lines that overexpressed EBI3 (E&IR), p35
(FaDup35), and I35 in its natural form (FaDILL-35).

These cell lines are important regarding the study «#3lin cancer immunity. They
can be used in eoulture with a variy of immune cells that are known to be present
in the HNSCC TME. Should immunosuppressive effects be exerted by HNSCC
derived IL-35, these findings may implicate-B5 not only as a disease biomarker, but
as a potential therapeutic target which could wrprpatient responses to existing

immunotherapies.
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The following Chapters sought to use the developed cell lines to investigate the role
of HNSCGderived IL-35 in the repolarisation of artimour M1 macrophages, to

immunosuppressive M2 macrophages, wigicddominate in HNSCC.
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Chapter 5

Investigating the role of HNSGd&rived [1-:35 in M1 to M2
macrophagerepolarisation via suppression of the M1
macrophage phenotype
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5.1 Introduction

Poor survival in HNSCC is often attributed to dysfunctional immunity in the TME.
Despite advances in immunotherapies, responses and overall survival remains
unsatisfactoryBray et al. 2018)To improve this, there is a need to identify novel
mechanisms used by tumour cells to dysregulate immune cells in the TME. This may
reveal new targets, which when modulated therapeutically im@apve antitumour
immunity. Studies in Chapter 3 found that the hypopharyngeal cell line GaDuhe

oral carcinoma cell line H357both upregulate gene expression of the
immunosuppressive cytokine 185 when subjected to stimulation withF N2 and
TNFU A FaDu cell line that overexpressaad secretedl -35 was developed in
Chapter 4The current Chapter aimed to investigate the role of tuderived IL-35

in the negative regulation of afttimour immunity.

Macrophages are a major component of the TMEINSCCs they are often polarised
to the immunosuppressive M2 phenotype, which suppressesiaatiir immunity
and promotes tumour progressifondergm et al. 2020)This and the following
Chapters investigate whether tumaarived 1L-35 contributes to immune escape by
repolarising prenflammatory M1 macrophages, which may be induced in inflamed
HNSCC TMEs, to the prevalent M2 phenotype. Spedificthis Chapter focuses on
the role of HNSC@&erived IL-35 in suppression of the M1 phenotype.

5.1.1 Tumour associated macrophages (TAMSs)

In the TME, macrophages are known as tumour associated macrophages (TAMS)
(Whiteside 2005; Saussez et al. 201DAMs transduce cytokine and chemokine
signals in the TME to become acted. Broadly speaking, the activation state they
exhibit can range between two polarised extremdke proeinflammatory M1
phenotype, and the antiflammatory M2 phenotype. However, macrophages exhibit
functional plasticity. Changes in the signals tlaeg exposed to can repolarise them

to different activation statd&i et al. 2015; Yang and Zhang 2017)

5.1.2 M1-TAMs

TAMs exposed to pro nf | ammat ory cytokines such as

killer cells and Thl (T helper type 1) cells are polarised tolikEl phenotypes.
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Transduction of these signals increases expression of transcription factors such as
STATL1 (signal transducer and activator of transcription ak)d IRF3 (interferon
regulatory factor 3]Biswas and Mantovani 2010; Xue et al. 20I@)ese promote

gene expression &1 genes, leading to M1 polarisatidl TAMs can be identified

by expression of biomarkers including HU2R, CD80 and CD86, which have key
roles in antigen presentation and T cell activation.

Functionally, MXTAMs promote antiumour immunity. They pradte pro
inflammatory cytokines nc | u di n gl2 andlIEA3, whithlpromote the anti
tumour activity of CD4+ and CD8+ T cells, and natural killer célafray et al.

2020) They also capture and present tumour antigens to CD4+ T cells, and can

directly eliminate tumour cell&heng et al. 2017; Aminin and Wang 2021)

Macrophages are professional antigen presenting cells (APC). They capture and
internalise tumour antigens, process them into epitopes asenprdiem on the cell
surface in association with MHC Class Il molecules. This enables recognition and
engagement by CD4+ T cellHl(A, Human Leukocyte Antigens in humans)
(Engelhard 1994; Wood 2011; Rock et al. 20I®)fully activate CD4+ T cells, three
signals are required. CBA4T cells use their unique TCRs to engage with antigenic
peptides bound to MHC Il on macrophage surfaces. CD3 chains on the CD4+ T cell
then interact with MHC II. Both interactions are stabilised by the CD4 chain, which
binds to norpolymorphic regions oMHC Il molecules. The TCRMHC synapse
depicts the first signakl secondary signal, provided by the ligation ofstmnulatory
molecules (mainly CD80 and CD86) present on activated M1 TAMs, with CD28 on
the surface of T cells, is required to trigger ad¢toraand expansion of bound T cells
(Linsley et al. 1991; Sansom et al. 200Praduction and exposure to pro
inflammatory cytokines such as-R, IL-1 2, TNFU and Il FNo, pr
expansion and activation, and constitutes the third and final s@@neé fully active,

CD4+ T cells function to enhance atumour immunity(Guerriero 2013

M1-TAMs can eliminate tumour cells. MIAMs can recognise tumour cells against

normal cells. This can be accomplished via differences in cell membrane composition.
Some tumour cells express tumour antigens, display elevated levels of membrane
bound hosphatidylserine, and alter the number and nature of carbohydrate chains

present on their outer surface. These can act as recognition signals for macrophages,
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allowing them to target tumour cells for elimination. While it is not fully understood
how macrphages kill tumour cells, several mechanisms are believed to be utilised.
Macrophages can produce factors to recruit and activate other immune cells which kill
tumour cells. Secondly, they produce fmlammatory cytokines such as TNF
which, in some insinces, can induce tumour cell de@minin and Wang 2021; Laha

et al. 2021) Alternatively, they can phagocytose tumour cells that are either bound by
antibodies (opsonisation) or are not. Once tumour cells are internalised, macrophages
can kill them by producing nitrogen and oxygen species. These damage tumour cell
DNA leading b apoptosigAminin and Wang 2021 hese functions are important i
supporting elimination of tumour cellsy the immune systenfAs such, antiTAM
therapies have been developed to promote M1 macrophage polarisation in the TME
(Chapter 1).

5.1.3 M2-TAMs

TAMs can be polarised to M2 via exposure to Thélper2) cytokines, intuding

IL-4, IL-13,IL-1 0 a n d(Mills@tab 2000; Gordon 2003; Martinez et al. 2008;
Baxter et al. 2020)M2 macrophages can be identified via expression of biomarkers
such as the mannose receptor CQ206 scavenger receptor CD163, and secretion of
immunosuppressive cytokines includinglLO a n d (RdsZei=2615; Orecchioni

et al. 2019)

Most TAMs detected in tumours exhibit MiRe functions. M2TAMs suppress anti

tumour immunity ad inflammation, and promote tissue remodelling and tumour
angiogenesis. These functions are made possible by secretion of immunosuppressive
cytokines including 10 and T GF b ,-angigedic factore VEGH o
(vascular endothelial growth factol) AConsidering these roles, accumulation ofM2
TAMs in tumours helps tumour cells escape immunosurveillance, and accelerates

tumour progressiofHao et al. 2012; Sica and Mantovani 2012)

In-vivo, all macrophages adetected using the pan macrophage marker CD68. The
density of M2 macrophages is assessed by detecting tvepcession of CD68 with
other M2 markers. Immunostaining of CD68 with CD163 is commonly used to
identify M2 macrophages in HNSQ®linami et al. 2018; Kumar et al. 2019) large
body of evidence has suggested that CD68+ CD163+ TAMs are pre(\deber et
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al. 2014) and often correlate with disease progression;differentiation,
angiogenesis, relapse and decreased overall survival. Thus, higihMz2lensity is
viewed as a biomarker of disease sevéMyri et al. 2011; Hu et al. 2016; Okubo et
al. 2016; Alves et al. 2018; Kumar et al. 2019; Kalogirou et al. 2021

It is important therefore, to identify novel factors produced by tumour cells in HNSCC
which promote M2 TAM polarisation. These could be targeted in combination with
existing immunotherapies to promote M1 polarisation and improvetwantur
immunity. The current Chapter investigated the role of HNS{e@ved IL-35 in the

promotion of M2 TAM polarisation.

5.1.4 Rationale of the study

Data from Chapter 3 demonstrated that FaDu apitegulatdL -35genesn response

tol FNo and T N FIU35dgstaiimmuriosuppiessine cytokine that has been
shown to edit the behaviour of praflammatory immune cells, altering their function

so that they instead suppress immunity. Examples include the conversion of CD4+ T
cells into regulatory T cells, B cells to immusuppressive regulatory B cells,
neutrophils from N1 to N2, and dendritic cells into tolerogenic dendritic (elset

al. 2021)

What has not yet been studied, is the role e8%Lin the regulation of macrophage
polarisation in HNSCC, and whether it contributes to the greater ratio of M2:M1
macrophages reported-uivo. The following Chapters attempt to fill this gap by
investigatng whether HNSCé&lerived IL-35 can promote the repolarisation of M1
macrophages, which may be induced in an inflamed TME, to the prevalelikevi2

phenotype.

The experimentalapproach used THP1 cells to generate macrophage models.
Macrophage differentiatin is often evidenced by increased cell size and granularity,
and expression of both the bactesensing ceeceptor CD14, and the integrin
CD11b. These macrophages are then polarised to M1 or M2 using different protocols
(Genin et al. 2015; &«ter et al. 2020)Using conditioned medium and mixed culture

of polarised macrophage models with a FaDu cell line that overexpres§ts IL
(FaDulL-35, Chapter 4), Chapter 5 investigated whether HN8&@/ed I1L-35
suppresses the M1 phenotype of MIcnophages. Chapter 6 follows this research by
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assessing whether HNS&ferived IL-35 promotes an MZAM phenotype in these
M1 macrophages via upregulation of M2 markers.

Chapter 5 hypothesised thatNSCGderived IL-35 repolarisesvi1 macrophaget
the M2 phenotype This involvessuppressiorof the M1 phenotype which can be
evidenced by inhibitioof pro-inflammatory cytokine productiomeduced expression
of MHC Il and the cestimulatory molecules CD80 and CDR&hdsuppression of ML

mediatedumour celldeath.

5.1.5 Aims and objectives

1 Generate THRHerived M1 and M2 macrophage models.
o Differentiate THP1 cells into MO macrophages.
0 Generate an M1 macrophage model.
0 Generate an M2 macrophage model.
1 Assess the role of HNSCG@erived IL-35 in suppression of the Mhenotype.
0 Assess suppression of pridlammatory cytokine secretion (TNJ:
o Assess downregulation fLA-DR, CD80 and CD8éxpression.

o Assessuppressionof M1-mediated tumour cell death

5.2 Methods

Several of the methods used in this Chapter are explained in detail in Chapter 2. The
specific sections where thesman be found are referenced using parentheses.
Generation of macrophage modeBe¢tion 2.3.7. RT-gPCR and primer sequences
(Section 2.3.2 Flow Cytometry and antibody panefection 2.3.9.

5.2.1 Macrophage differentiation and polarisation protocols

Detailed seeding and culture conditions used to generate macrophage models are
described in ChapteR (Section 2.3.J. To differentiate THP1 cellsnio MO
macrophages, they were stimulated with PMA (50 ng/mL, 24 h) and rested for 48 h in
fresh culture mediunfDaigneault et al. 2010; Chanput et al. 2014; Shiratori.et al
2017; Tedesco et al. 2018)1 macrophages were generated by treating THP1 cells
with PMA (100 ng/mL, 24 h), followed by a 48 h rest. They were polarised to M1 via
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Il FNo2 sti mul at i o(Mantovand ana Lgpgti 2013; GehiB et &l.)2015;
Smith et al. 2015; Baxter et al. 2026)igher PMA concentrations were determined

to improve M1 polarisation in preliminary studié42 macrophages were generated
via stimulation of THP1 cells with PMA (50 ng/mL, 24 h) falled by a 48 h rest and
subsequent treatment with - (20 ng/mL, 48 h) to induce M2 polarisation
(Mantovani and Locati 2013; Genin et al. 2015; Smith et al. 2015; Baxter et al. 2020)
During previous experiments prior to the projeah alternative Mdike model
(termed MZlike cells) was developed without the use of PMA.generatéM1-like

cells, THP1 cells were stimulated witBM-CSF (20 ng/mL) for 72 h, followed by
application of IFd (20 ng/ mL) and i1 ncuba&ulturen f or
conditions used (concentrations, rest times and timepoints) were determined in

preliminary experiments.

5.2.2 Validation of macrophage differentiation

THP1 cells were differentiated to MO macrophagesescribed above. To validate
differentiation via detection of cell adhesion to the culture dish, cells were analysed
under a light microscope. Light microscopy was also used to identify morphological
changes (small round THP1 cells to large granular Mérapdages). Increased cell
size and granularity were identified by harvesting cultured cells and using Flow
Cytometry to assess changes in forward and side scatter data.

To validate successful macrophage differentiation via changes in gene expression, 250
ng RNA was extracted from cultured THP1 or MO macrophages and converted to
cDNA. 8.5 ng of cDNA was analysed by RJPCR to identify increases in gene
expression of the macrophage differentiation markers CD14, CD11b and CDG68,

relative to THP1 cells. Datawa nor mal i sed t oActinhN=l.r ef er enc

5.2.3 Validation of M1 and M2 macrophage models

M1 and M2 macrophages were generated as described and first validated using RT
gPCR. To validate M1 polarisation by RJPCR, THP1, MO and M1 macrophages
were culturd in 24well plates Section 2.3.7. 250 ng of RNA extracted from each
model was converted to cDNA, 8.5 ng of which was analysed by gPCR to measure
fold changes in gene expression of HDR, CD80 and CD86, relative to THP1 cells.
Data was normalised to thiee f e r e n-Adin. §=d..NV2 pdbarisation was also
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validated by RTgPCR. Foldchanges in gene expression of CD206, CD163 and IL
10 were measured in RNA taken from cultured MO or M2 macrophages, relative to
THP1 cells (n=1).

Flow Cytometry was used farther validate M1 and M2 polarisation. THP1, M1 and

M2 macrophages were generated iwdl plates Section 2.3.7. MO macrophages

were omitted due to limitations in antibody availability. Fc receptors were blocked
usingTruStain FcX Cells were then staed using d.IVE/DEAD Fixable Green Kit,
followed by staining of M1 and M2 surface markers with the Macrophage Polarisation
antibody panel Chapter 2 - Table 2.7). Sampleswere fixed for up to 72 h in
FluoroFix buffer, before up to 10,000 events per sample were captured in an
LSRFortessalUsing FlowJo, single, live cells were first identified (representative
gating strategghown inSupplementary Data §. Live cells in eachiest group were

then gated to obtain those that expressed the M1 markersCHR,ACD80 or CD86,

or the M2 marker€D206 or CD163A detailed explanation of how populations were
gated to discriminate cells positive for these markers against those thaiegeatiee,

is given inChapter 2 $ection 2.3.9.Y. SuccessfuM1 polarisation was determined by
comparing the mean percentage of HDR+, CD80+, or CD86+ cells between each

test group (THP1 vs M1 vs M2). N=Successful M2 polarisation was determined by
comparing the mean percentage of CD206+ or CD163+ cells between each test group
(THP1vsM1vsM2).N=30ne Way ANOVA and Tukeybs test

whether differences in means were statistically significant.

5.2.4 Assessment of the role of HNSCderived IL -35 in the suppression of
TNFUsecretion by M1 macrophages

To assess whether HNS&ferived 1L-35 could suppress the M1 phenotype via
inhibition of TNFU secretion, cells were
supernatants analysed using a humeNFU ELI SA kit as I nst
manufacturer. Two M1 models were used to provide evidence of trends observed, and

for comparative purposes.

Before treatment s, t o c dikefmodelinMiikeléells secr e
were cultured. Supernatantwaso | | ect ed 24 h and 48 h aft
analysed by ELISA. THP1 cells treated with-4Lfor 48 h were used as a negative

control. Sterilefiltered CM used for treatments were prepared from transfected cell
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lines in confluent T25lasks Section2.3.6.4. CM from FaDu, FaDtEBI3, FaDu
p35and FaD4L-35 cel |l s were analysed by ELI SA t

may have affected results.

To test the suppressive effects of HNS@&ived IL-35, M1-like cells were cultured

and treated for 24 h @8 h with fresh medium (mock treatment) or FaDe35 CM,

at 10% of the culture volumeércentage selected to prevent serum starvation
Timepoints were selected based on previous laboratory experismsntrols, M1

like cells were stimulated with FaDCM, FaDup35 CM or FaDtEBI3 CM (n=3 for

al | sampl es) . Effects of each treat ment
concentrations detected in treated cells to that of the mock treated control. One Way
ANOVA with Dunnett 6s atewethemddferengeeabdewadme d |

at each timepoint were statistically significant.

Next, the M1 macrophages was analy$aek to poor linearity oflata points produced

by standards, optical density readings were used for asalgther than absolute
concantrations THP1 cells were differentiated and polarised to M1 macrophages
within wells of 24well culture plates. M1 macrophages were mock treated, or
stimulated with 10% CM from FabBIL-35 cells, alone, or in combination with
increasing concentrations dflocking antibody (monoclonal arfBI3 blocking
antibody, 4 or 10 eg, based on previous
were stimulated with recombinant -B5 (50 ng/mL). As negative controls,
supernatants from cultured THP1 or MO macrophages a@alysed. For comparative
purposes and as controls, M1 macrophages were also treated with FaDu CM, FaDu
EBI3 CM or CHOEBI3 CM. 48 h after all treatments, supernatants were collected
and assessed by ELI SA t o de #&hwassdaebtednges |
as significant effects were observed by this timepoint in previous experiments. Time

coursestudywas omitted due to limitations in assay availability.

To investigate the identity of secreted proteins that could interact with EBI3 and
negatvé y regul ate TNFU secretion, candidat e
using the proteomics database providedtliny European Bioinformatics Institute
(European Molecular Biology Laboratory Heidelberg, Germany)
(https://www.ebi.ac.uk/legaemtact/interactors/id:Q14213*The secretable proteins

P19, p28 and p35 were selected for analysis as primers weilg esailable. It was

Cardiff University [18Q School of Dentistry


https://www.ebi.ac.uk/legacy-intact/interactors/id:Q14213*

Richard Ali Chapter 5

then evaluated whether these genes were upregulated when EBI3 was overexpressed

in FaDu cells (FaDdEBI3 cell line). FaDu, FaD#&BI3, FaDup35 and FaD4dL-35

cells were seeded and grown overnight im24l plates (n=3). 500 ng of exicted

RNA was converted to cDNA. 8 ng was analysed by qPCR to assess fold changes in
gene expression of p19, p28 or p35 in FHRI3, FaDup35 or FaDuL-35 cells,

relative to untransfected FaDu cells. Negative fold changes were calculated using the
following equatiori negative fold change =1/Fold change)Differences observed

were tested for statistical significance

hoc test.

5.2.5 Assessment of the role of HNSC@erived IL -35 in the downregulation
of HLA -DR, CD80 andCD86 in M1 macrophages

M1 macrophages were generated inv&ll plates Section 2.3.7 and either mock
treated with culture medium, stimulated with 10% FdDt85 CM, or double
stimulated with 10% FaDBiL-35 CM in combination with a blocking antibody a

mass determined experimentally to maximally bloci38(monoclonal antEBI3, 4

¢ g Cells were incubated under these conditions for 48 h to match conditions used for
flow cytometry 250 ng of extracted RNA was converted to cDNA, 8 ng of which was
analysed by gPCR to measure fold changes in gene expression eDIRL.£D80 and
CD86, relative to mock treated M1 macropha@ega was normalised to the reference

g e n-Actirb (N=1). All samples were run in triplicate.

To validate RTQPCR data and assess ajes in protein expression, mixed culture
experiments were prepared. This enabled cell crosstalk between macrophages and
FaDu/FaDulL-35 cells that more closely resembles/ivo cell interactions within a
tumour.FaDu or FaDtL-35 cells were mixed 4:1 witM1 or M2 macrophages and
incubated for 48 h as described @hapter2 (Section 2.3.9.3 M1 and M2
macrophages that were left untreated wesed as controls.Thus, the samples
generated wereM1, M1/FaDu, M1/FaDuL-35, or M2, M2/FaDu, M2/FaDil -35.

Fc receptors were blocked. Cells were stained with the Live/Dead stain kit and the
Macrophage Polarisation antibody paft&éhapter 2 - Table 2.7). Samples were fixed

for up to 72 h in FluoroFix buffer. 10,000 events per sample were captured in an
LSRFortesa.
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Using FlowJo, single, live cells were first identifigdl macrophages were identified

by gating on CD326cells, which excluded FaDu or FaBlu-35 cells shown to
express CD326 in preliminary tests (representative gating strategy shown in
Supplementary Data 9. In the CD326 macrophage population, cells postifor
HLA-DR, CD80 or CD86 were identified in each test sample by setting a uniform gate
thatdiscriminated positively stained cells from those that were negaiivapter 2
section 2.3.9.Y.

The effects of IL35 overexpression were evaluated in M1 arl ifacrophages by
comparing the mean percentages of CD3@&crophages that were positive for each

of these markers between the M1 test samples (M1 vs M1/FaDu vs M1IEeE%)

and M2 test samples (M2 vs M2/FaDu, M2/FalDu35). M1, (n=2). All other test

sanp | e s , (n=3) . One Way ANOVA and Tukeyds

differences observed between means were statistically significant.

5.2.6 Assessment of the role of HNSC@erived IL -35 in suppression of M1
mediated tumour cell death

To evaluate whetheM1 macrophages induced tumour cell death, and whether
HNSCGCderived 1L-35 could inhibit this, M1, and M2 macrophages (as controls),
were generated in&ell plates(Section 2.3.7 and harvested. They were then mixed
in a 1:4 ratio with FaDu or FabBilL-35 lls and cultured for 48 h in freshvéell
plates. FaDu and FaBIL-35 cells in monoculture were used as controls and for
comparative purposes. This generated the following test giio&adu, FaDu/M1,
FaDu/M2, FaDulL -35, FaDulL-35/M1, FaDulL-35/M2. (N=3). Fc receptors were
blocked usingrruStain FcX Cells were stained with thAgpoptosis/Necrosis panef

their corresponding isotype control$0,000 events were captured using an LSR

Fortessa.

Using FlowJo, single cells were identified. FaDu or FADB5 cells were isolated
from the macrophage population by gating on CD326+ CbéHs (Supplementary
Data 10. To identify apoptotic cells in the FaDu population, Annexin V+ d@lls
were gated.To identify necrotic cells, Annexin V+ PI+ cells were gated.
Positive/negative discrimination was determined as described in Chaj8ectibn
2.3.9.7.

Cardiff University [182 School of Dentistry



Richard Ali Chapter 5

To determine whether M1 or M2 macrophages induced cell death in FaDu cells,
differences in mean peraatages of apoptotic and necrotic CD326+ Cbdells were

compared between the control group (FaDu) and the treatment groups FaDu/M1 or
FaDu/M2. The same method was applied to determine whether M1 or M2
macrophages induced FalllL-35 cell deathOne Way AN A and Dunnett 0:¢
hoc test was used to determine if differences observed were statistically significant.

To determine whether overexpression of3fh affected sensitivity to apoptosis or
necrosis in FaDu cells, mean apoptotic and necrotic CD326+ -CEHi were
compared between FaDu vs Falu35 samples. A pairedtést was used to

determinestatisticalsignificance.

Cardiff University [183 School of Dentistry



Richard Ali Chapter 5

5.3 Results
5.3.1 Macrophage models
5.3.1.1 Differentiation of THP1 cells into MO macrophages

To generate M1 and M2 macrophage med€&HP1 cells were first differentiated into
macrophagesMacrophage differentiation is associated with hallmark changes
including - cell adhesionto the culture platechanges in morphology (spread
morphology and increased granularity) aindreasedexpression ofmacrophage
biomarkers(Daigneault et al. 2010; Aldo et al. 2013; Baxter et al. 2020; He et al.
2021) THP1 cells were untreated or stimulated with PMA (50 ng/mL, 24 h) and rested
for 48 hto generate MO macrophages. Light microscopy analysis showed that, while
THP1 cells remained in suspension, MO macrophages became adherent after 24 h of
PMA treatment, and maintained adhesion throughout the differentiptimiocol

(data not showr). Adheson was also preserved following M1 and M2 macrophage
polarisation(data not showr). Induction of cell adhesion therefore suggested that the
selected protocol resulted in successful macrophage differentiation. Changes in cell
morphology were analysed bylit microscopyChanges in cell size and granularity
were examined by Flow Cytometry using forward and side scatter data. THP1 cells
exhibited a small, rounded morphology, and presented low forward and side scatter
data Figure 5.1A). MO macrophages werarber in size and displayed increased
granularity Figure 5.1B). Size and granularity increased further following M1 and
M2 polarisation Supplementary data 12). Thus, these data further support that
macrophage differentiation was successful.

Differentiaton of THP1 cells into macrophages is associated with increased
expression of the tolike receptor (TLR) CD14, the integrin molecule CD11b, and
the intracellular glycoprotein CDG&ldo et al. 2013; Forrester et al. 2018; Starr et al.
2018) RT-gPCR data showed that, relative to THP1 cells1€Bxpression was 164

fold higher in the MO macrophage modElgure 5.1C). Gene expression of CD11b
was elevated -6old (Figure 5.1D). Expression of CD68 was not increas€wy(re
5.1E). Therefore, inductionf cell adhesion, morphological changes, ardaion of
macrophage markegene expression(CD14 and CD11b) all suggested that

differentiation of THP1 cells into macrophages was successful.
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Figure 5.1 Validation of MO macrophage differentiation in treated THP1 cellsTHP1 cells were left untreat
or stimulated with PMA (50 ng/mL, 24 followed by 48 h rest) to induce MO differentiation. Represent
images are shown which depict changes in cell size and granularity from FHRLNIO B) detected using
light microscope and forward and side scatter flow cytometric data. Microsemes were acquired usin
Nikon Eclipse TS100 inverted microscope coupled to a Moticon digital camera (Magnification x10). |
scatterarea (FSEA) x side scattearea (SSEA) plots were acquired by flow cytometry and analysed in Flc
RT-gPCR waslso used to quantify fold changes in gene expresditive macrophage differentiation mark
CD14 (C), CD11b D) and CD68 E) in MO macrophages relative to THP1 cells. Data shown represent:
+SD. (n = 1.
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5.3.1.2 M1 macrophage mode

M1 macrophages were generated via PMA stimulation of THP1 cells followed by

pol arisation with I FNo2. To validate the N
analysed alongside THP1 and MO controls byd®PICR, or alongside THP1 and M2
macrophages by Flo®@ytometry, to detect increases in expression of the M1 markers

- HLA-DR, CD80 and CD86. MO macrophages were omitted from Flow Cytometry

analyses due to limitations in antibody availability.

RT-gPCR data showed that, relative to THP1 cells, MO differeoiatid not affect
HLA-DR gene expression, whereas polarisation to M1 elevated gene expression (247
fold) (Figure 5.2A). HLA-DR upregulation in the M1 macrophage model was
confirmed by Flow Cytometr{Figure 5.2C). From a minimum of 8500 events in the
parent live cell population, the frequency of HEBR+ cells was significantly
increased from 13% in THP1 cells, to 95% in the M1 macrophage population (n=3, p
<0.0001). The HLADR+ population was also significantly higher in M1 macrophages
than in control M2 racrophages (56%, p <0.0001). Thus, HDR expression
provided evidence of M1 polarisation in the developed model.

Relative to THP1 cells, MO differentiation elevated gene expression of CD80-by a 6
fold magnitude Mifferentiation Figure 5.2D). M1 polarsation induced a further
increase, elevating expressionféRis higher than in THP1 cellgigure 5.2D). Flow
cytometry dataconfirmedthat M1 polarisation induced CD80 expression. The mean
proportion of CD80+ cells was significantly higher in M1 macrophages (74%) when
compared to THP1 cells (0.7%, p <0.0001), and M2 macrophages (36%, p <0.0001)
(Figure 5.2F. Therefore, increased CD80 pegssion validated successful

developrnent of an M1 macrophage model.

MO differentiation of THP1 cells increased CD86 gene expressiofo(d)L (Figure

5.2G). M1 polarisation did not elevate gene expression furthésl@®higher than in
THP1 cells). Flow gtometry data showed that the mean proportion of CD86+ cells
was low in the M1 macrophage population (24%), though this was significantly higher
than in THP1 cells (5%, p <0.08igure 5.2I). Themean proportion of CD86+ cells
was highest in M2 macrophag€32%) but this was not significantly different than in
M1 (Figure 5.2I). While the polarisation protocol did not induce CD86 expression
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beyond MO or M2 macrophage models, CD86 was still expressed in the M1

macrophage model.
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Figure 5.2 Validation of the M1 macrophage model RNA taken from THPLMO or M1 macrophages we
analysed by RT|PCR to detect fold changes in gene expression of-BRAA), CD80 D) andCD86 G), relative
to THP1 cells. Data shown represents mé&in+{n=1). THP1, M1 and M2 macrophage®re cultured, stain
with antibodies and analysed by Flow Cytometry. Representative dotplots are shown that depict the gati
used to discriminate positive and negative populations for expression cDHR), CD80 E) and CD86 id).
Mean perceriges (+SEM) of HLADR+ (C), CD80+ §) and CD86+ () from the parent population &fe cells
are shown in bar chartgh=3). Statistics were analysed using One WNONA wi t h T u khegtésst
compare means between each group. * = p <0.05, ** =.@1x6*** = p <0.0001.
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5.3.1.3 M2 macrophage model

M2 macrophages were generated by PMA stimulation of THP1 cells followed by
polarisation with 1l:4. RT-gPCR was first used to assess upregulation of the M2
markers CD206, CD163 and -il0 (Figure 5.3A). Differentiation of THP1 cells
induced CD206 gene expression bl increase). M2 polarisation markedly
increased CD206 expression to levels -1@f higher than in THP1 cells. Flow
cytometry was used to analyse protein expression of CD206 and CD16dafhe
showed that M2 polarisation did not significantly increase CD206 protein expression
(Figure 5.3C). From a minimum of 8500 events, 0.1% of THP1 cells expressed
CD206. While the mean proportion of CD206+ cells was higher in M2 macrophages
(16%, p <0.0}, it was lower when compared to M1 macrophages (20%, ns). Thus, the
M2 polarisation protocol markedly increased CD206 gene expression, but did not
significantly increase protein expression beyond that observed in M1 macrophages.

Nevertheless, while low, @206 was expressed in the M2 macrophage model.

RT-gPCR data showed that differentiation with PMA potently increased CD163
expression in MO macrophages relative to THP1 cells-(6#f (Figure 5.3D).
Polarisation to M2 did not elevate this further (4@l higher than THP1). Flow
cytometry data showed that protein expression followed a similar trégut¢ 5.3F).

The mean proportion of CD163+ cells increased from 3% in THP1 cells, to 43% in
M2 macrophages (p <0.0001). However, the latter was signifycianter than in M1
macrophages (89%, p <0.000@igure 5.3F). Data therefore indicated that M2
polarisation with Il-4 did not upregulate CD163. Regardless, as an M2 marker,

CD163 was still found to be moderately expressed in the M2 macrophage model.

Gene expression of 4ILO was not to be upregulated by B@arisation Figure 5.3G).

While PMA-induced MO differentiation caused a H##4d increase relative to THP1
cells, the magnitude of increase was much lower when compared follthaing IL -
4-stimulated M2 polarisation (9fbld). Thus, as with CD163, K4 did not appear to
upregulate IE10 gene expression. Nevertheless, the gene was highly expressed in the
M2 model.
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Figure 5.3 Validation of the M2 macrophage model RNA taken from THP1, MO or M2 macrophages v
analysed by RTPCR to detect fold changes in gene expression of CDY0E€D163 D) andIL-10(G) relative
to THP1 cells. Data shown represents m&d (n=1). THP1, M1 and M2 macrophages were cultured, st
with antibodies and analysed by Flow Cytdme Representative dotplots are shown that depict the ¢
strategy used to discriminate positive and negative populations for expression of Gpa6é CD163 ). Bai
charts are shown which display mean percentages (+SEM) of CDEP6andCD163+ cells ) within thelive
cell parent populatiorfn=3). Statistics were analysed using One WayOVA wi t h T u kh®gytésst
compare means between each group. ** = p <0.01, *** = p <0.001, **** = p <0.0001.

5.3.2 Assessment of the role of HNSC-derived IL-35 in suppression of the
M1 phenotype

5.3.2.1 Suppressionof TNEl secr et i on

TNFU secretion is a funct i o4umoufimmMbitymacr op
To assess whether HNS&ferived IL-35 suppresses this function, M1 macrophages

and MZlike cells were treated with 10% conditioned medium from FAD35 or
control cells and supernatants analysed f
like cells, developed by treating THP1 cellswith@&@SF and | FNo2, wer e
to secrete BNRUa24eh ampiBlpplanarntaryaata 19.f Il FNo
CM from transfected cell l ines were confi
thus did not affect the validity of data obtained from treatment studiata(not

shown).

To test for suppressioio T N F U-like aells,Multured cells were treated with fresh
culture medium (mock) or CM samples (10%) for 24 h or 48 h. Supernatants were
collected and analysed by ELIS&igure 5.4A). Relative to mocKkreated cells,
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FaDulIL-35 CM significantly reducett he concentration of secr
24 h(p <0.0) and more significantly so after 48 m €0.000). CM from FaDu and

FaDup35 cells had no effedFigure 5.4A). Intriguingly, FaDWEBI3 CM also
suppressed TNFU secr etaDuln35 CM (FigureS.4Mni | ar n
Thus,these data support the hypothesis that HNSE@sed IL-35may downregulate

the M1 macrophage phenotype via suppressfonNFU secretion It alsoindicates

thatthe secretome of tumour cells that overexpress EBI3)diya35, may induce the

same effects.

To confirm these findings, the M1 macrophage model was also assessed. Cells were
cultured and treated for 48 h with 10%
measured by ELISARigure 5.4B). Due to poor linearity oflatapoints produced by
standards, optical density readings were used for asahgher than absolute

concentrations

The M1 macrophage model Rygars548hFaDurCMt o s ec
increased TNFU s e c rfadd(Rigare5.4B)yThiswapin contrasmat e |
to its lack of effect on the Mlike model Figure 5.4A). In agreement with data from

the MXlike model, 48 h treatmentwithFaBu-35 CM was shown to su
secretion Figure 5.4B). Furthermore, blocking H35 by castimulation wth an anti

EBI 3 antibody prevented suppression, and

following FaDu CM treatmentHijgure 5.4B). As comparable effects were observed

regardl ess of increasing concentrgtions
achieved usi ndsadcordarg, Mt hacraphages veresyimulated with
recombinanthuman 35 (50 ng/ mL). This al(Bguesuppr e

5.4B). Thus, data generated from both M1 models suggested that HY&8GE€d IL-

35maysuppess TNFU secretion from M1 macroph

It was previously shown that CM fromFalBuB|l 3 cel | s suppressed
in M1-like cells Figure 5.4A). Similarly, treatment of M1 macrophages with FaDu

EBI 3 CM reduced TNFU pr od(Figutei5dB). lttvgs appr c
considered whether these effects were due to the activity of secreted human EBI3
alone, or if FaDu cells also secreted an EBI3 binding partner, that when associated,
enabled TNFU suppression. To iaed®r48i gat e

h with CM taken from a nehuman cell line that overexpressed human EBI3, EHO
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EBI3 cells. The data showedthat CHEB1 3 CM di d not suppress
from M1 macrophageg¢Figure 5.4B). Instead, it caused a 3téld increase. This

magnitudewas similar to that observed following treatment with FaDu CM.

The data therefore suggested that the secretome of FaDu (andEBIcells may
contain factors that stimulate M1 macro
Overexpression and secretionlbf3 5 from t hese tumour cel | ¢
secretion. Moreover, secretion may not be negatively regulated by human EBI3 alone.

But, when secreted with other factors derived from FaDu cells, overexpressed EBI3
may suppress TNFU p phagesicadnaoner cdmpavatie thiIL ma c r
35.
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Figure54Suppression of TNFU secr et i -aerivedh-35wWi-like actisware
stimulated for 24 h or 48 h with 10% conditioned medium taken from FaDu,-E8I8) FaDup35 or FaDulL -
35 cells.Supernatant was collected and analysed by ELI9Alat a s hown represent
(pg/mL) + SEM. (N=3). Statistics weranalysed using One WayN©OVA followed by Dunnefls post hoc tes
with differences in means compared to that in the rtgekted control. ** = p <0.01, **** = p <0.0001n addition
cultured M1 macrophages were treated with 10% FaDu, 88, CHOEBI3, FaDulL-35 CM, FaDulL-35
CM+anttEBI 3 (4 or 10 ¢€g), -35(50 nmgkent)oTiBli andaMOtcellshwen autture:
controls. 48 h posreatment, supernatants were collected and analysed by EB)SBdta shown represents m
optical densif (OD) + standard deviatiofn=1).
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The identity of the secreted EBI3 binding partner was next investigated. EBI3
proteomics data identified the following candidate genes that may be sécrtad

G and the IE12 family subunits p19, p35 and p28. As primers were available for p35,
pl9 and @8, RT-gPCR was used to assess whether these genes were upregulated in
association with EBI3 in the FaE&EBI3 cell line. Other transfected cell lines were

analysed as controls.

p35 can dimerise with EBI3 to form the-B5 cytokine. The p35 gene is expedat

low levels in untransfectelaDu cells $upplementary data 4. Its expression was

not elevated followingoverexpression of EBI3 in FaBEEBI3 cells Figure 5.5A).

Hence, FaDtEBI3 cells were unlikely to use 4B 5 f or mati on t o sup

secretionm M1 macrophages.

P19 andeBI3 interact to form the H39 cytokine. P19 expression is very low in
untransfected FaDu cellS¢pplementary data 4. Data inFigure 5.5Brevealed that
overexpression of EBI3 in FaBEBI3 cells did not elevate expression of pl9

instead promoted a significant reductioAf@8d reduction, p <0.001). This effect was

also observed in FabpB5 and FaD4L -35 cell lines. Thus, FaDEBI3 cells may not
suppress TNFU secr e39iEBI8and p2@asdodiate tododne i v i t y
IL-27 cytokine. However, R§PCR analysis could not detect gene expression of p28

in resting FaDu cells nor in any of the other transfectedinel @ata not showr).
Therefore, EBI3 did not suppress TNFU se
with p28.

Overall, the data suggested that FeERI3 cells possibly secrete an unknown protein

that can interact with EBI3 to stimulate M1 macrophages, culminating in suppression

o f TNFU secretion. Thi s b4l fdmilypgemipear t ner
Therefore, its identity, and the mechanism of EBI&diated suppression, remain

unknown.
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Figure 5.5 Identification of the secreted EBI3binding partner in FaDu-EBI3 cells.P35 @) and p19B) were
examined for increases in gene expression in FEBI3 cells, relative to untransfected FaDu cells. FgB3E
and FaDulL-35 cells were also examined as controls. Data shown representsSE&ANN=3. Statistic:
analyses performed on DCT values using One Way ANOVA and Déspetst hoc test. ** = p <0.01, *** =
<0.001, **** = p <0.0001.
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5.3.2.2 Downregulation of HLADR, CD80 and CD86 in M1 macrophages

HLA-DR expression is used in MOIAMs to present tumour antigens. CD80 and
CD86 are cestimulatory molecules used to activate T cells that engage with the
macrophage via antigen presentation. Tahfer assess the role of HNS&@i€rived

IL-35 in suppression of the M1 macrophage phenotype, cells were treated with FaDu
IL-35 CM, or mixed in culture with FaDBIl -35 cells, and then evaluated for decreases

in expression of these markers.

RT-gPCR data shovaghat treatment of M1 macrophages with FdDtB5 CM (10%,

48 h) did not decrease HEBR geneexpression Kigure 5.6A). Thus HNSCG
derived IL-35 may not reduce gene expression of HDR in M1 macrophages. It
was next investigated whether overexpressiol e85 in HNSCC cells enabled the
the downregulation of HLADR protein expression in M1 macrophages. M1l
macrophages were cultured alone (M1), or mixed 1:4 with FaDu (M1/FaDu) or FaDu
IL-35 cells (M1/FaDtuL-35). After 48 h, cells were stained and analys&dg Flow
Cytometry. All macrophages within each test group were gated using a C{H826

(to exclude FaDu cells). In all M1 test groups (M1, M1/FaDu, M1/FHD85), a

minimum of 380 events were captured in the macrophage gate prior to analyses.

Populaton statistics shown ifrigure 5.6C demonstratedhat IL-35 overexpression

had no significant effect on HL-®R expression in coultured M1 macrophages. The
mean percentage of CD32BLA-DR+ macrophages in the M1/Falu-35 group

(54%, n=3) was reduced wineompared to both the M1/FaDu group (69%, n=3), and
the M1 control group (65%, n=3). Though, One Way ANOVA analyses determined
that none of these differences were statistically significant. Therefore, in agreement
with findings using RTgPCR, the data sggsted that IL35 overexpression in
HNSCC cells may not enable the downregulation of HRR expression in M1

macrophages.

HLA-DR downregulation was also assessed in M2 macrophages. M2 macrophages
were cultured alone or mixed with FaDu or FalDu35 cells ad analysed as
described with M1 macrophages. Within the M2 test groups (M2, M2/FaDu,
M2/FaDulIL-35) a minimum of 500 events were captured in the CBB®2&rophage

gate. The resulting flow cytometry data conveyed tha&@3Loverexpression in FaDu
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cells didnot correlate with reductions in H:-BR expressionKigure 5.6C). Relative

to M2 monoculture, M2/FaDu culture caused a slight increase in the mean frequency
of CD326 HLA-DR+ macrophages (51% to 56%, n=3), though this difference was
not statistically sigificant. Overexpression of H35 in the M2/FaDdL-35 group was

not significantly different (61%, n=3) to any of the other test groups. Therefore, the
data suggested that HNS&ierived IL-35 had no effect on HLAR expression in

M1 or M2 macrophages.
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Figure 5.6 Effects of FaDuderived IL-35 on HLA-DR expression in macrophagesM1 macrophages we
stimulated for 48 h with 10% FaBlL-35 CM alone, or in combination with blocking antibody (gB813, 4
€g). RT-gPCR was used to measure changes in gene expression eDR] Felative to that in untreated |
macrophagesA). Data shownepresents mean fold chang8&®. (N=1). The effects of HNSC&@lerived IL-35
on HLA-DR protein expression was assessed in M1 and M2 macropMiyes M2 macrophages were cultu
alone, or mixed in a 1:4 ratio with FaDu or Falu35 cells. Cells were sta@d with antibodies and analy:
by Flow Cytometry. CD326macrophages were identified and then gated to discriminate BRA and HLA
DR- cells. A representative image of this discrimination in all test samples is sBywhl§ar chart is display:
which depicts mean percentagesSEM) of CD326 HLA-DR+ macrophages within each test gro@. (M1,
(n=2). All other test sample@g=3). One Way ANOVA and Tukeyds tes
differences observed betwettre following groups (M1 vM1/FaDu vs M1/FaD4L-35) and (M2 vs M2/FaC
vs M2/FaDulL -35).

RT-gPCR data showed that treatment of M1 macrophages with-EaBb CM alone,

or in combination with a blocking antibody, had no effect on gene expression of CD80
(Figure 5.7A). Flow cytometry data revealed that-B5 overexpression in FaDu cells
had no significant effect on CD80 protein expression woudtured M1 macrophages
(Figure 5.7C). Themean percentage of the CD32Z8D80+ macrophage population

in M1/FaDulIL-35 culture (41%, n3) was lower than in both FaDu/M1 culture (49%,
n=3) and M1 monocultures (49%, n=2), though none of these differences were
statistically significant. Thus, these findings, along withd¢PICR data, suggested that
HNSCGCderived IL-35 had no effect on CD80 pression in M1 macrophages.

Flow cytometry data demonstrated that3h overexpression in FaDu cells had no
effect on CD80 expression in M2 macrophages. When compared to M2 monoculture
and M2/FaDu culture, eoulture with FaDuL -35 cells had no significareffect on

the mean percentage of CD3ZED80+macrophagesHgure 5.7C). This suggested

that HNSCCderived IL-35 did not negatively regulate CD80 expression in M1 or M2

macrophages.
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Figure 5.7 Effects of FaDuderived IL-35 on CD80 expression in macrophaged41 macrophages we
stimulated for 48 h with 10% FaBEIL-35 CM alone, or in combination witilocking antibody (artE B 1 3 g).
RT-gPCR was used to measure changes in gene expression of CD80, relative to that in untreated M1 m
(A). Data shown represents mea8DB. (N=1). The effects of HNSC&@ierived IL.-35 onCD80protein expressic
wasassessed in M1 and M2 macrophadé$.or M2 macrophages were cultured alone, or mixed in a 1:¢
with FaDu or FaDdL-35 cells. Cells were stained with antibodies and analysed by Flow Cytometry. <
macrophages were identified and then gatedigoriminate CD80+ and CD8@ells. A representative image
this discrimination in all test samples is shov). (A bar chart is displayed which depicts mean percer
(+SEM) of CD326: CD80+ macrophagesithin each test groupZ). M1 (n=2). All other test samplg®=3). One
Way ANOVA and Tukeyds test was used to dé¢hefellowmng
groups (M1 vs M1/FaDu vs M1/FaDlLL-35) and (M2 vs M2/FaDu vs M2/FaBll-35).

RT-gPCR data ifFigure 5.8A demonstrated that treatment of M1 macrophages with
FaDuIL-35 CM did not reduce CD86 expression. Rather, gene expression was
increased Zold when compared to untreated cells. Moreover, this increase was
abolished when cells wercestimulated with an andeBI3 blocking antibody. The
data therefore suggested that HNS@#Tived IL.-35 may elevate CD86 gene
expression in M1 macrophages.

Flow cytometry data showed that-colture of M1 macrophages with FaDu cells, nor
those that ovexpressed 1135, had any significant effect on the percentage of M1
macrophages that expressed CD8&gure 5.8C). When compared to M2
macrophages in monoculture, FaDu cells caused ssigoificant reduction in the
mean percentage of macrophages that esgad CD86(Figure 5.80). IL-35
overexpression had no significant effect when compared to all M2 test gFogypse
5.80). Thus, HNSC@&lerived IL-35 may increase gene expression of CD86 in M1
macrophages, but may not affect CD86 protein expression iereili or M2

macrophages.
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Figure 5.8 Effects of FaDuderived IL-35 on CD86 expression in macrophage#11 macrophages we
stimulated for 48 h with 10% FaBllL-35 CM alone, or in combination with blocking antibody (éat3 | 3 ,

RT-gPCR was used to measure changes in gene expression@fréR8ve to that in untreated M1 macrophi
(A). Data shown represents mean fold changes + SD. (Nhe) effects of HNSC&lerived IL.-35 on CD&
protein expression was assessed in M1 and M2 macrophages. M1 or M2 macrophages were culture
mixed in a 1:4 ratio with FaDu or FaBlL-35 cells. Cells were stained with antibodies and analysed by
Cytometry. CD326 macrophages were identifieand then gated to discriminate GB38and CD®- cells. A
representative image of this discrimination in all test samples is stB)wA bar chart is displayed which dep
mean percentages (+SEM) of CD3ZidD86+ macrophages within each test gro@). (M1, (n=2). All other tes
samplegn=3). One Way ANOVA and Tukeybs test was us

betweerthe following groupgM1 vs M1/FaDu vs M1/FaDii-35) and (M2 vs M2/FaDu vs M2/FaEll-35).

5.3.2.3 Suppression of Mdmediated tumour cell death

The next objective was to evaluate whether M1 macrophages could induce FaDu cell
death, and whether FaRilerived IL-35 could mitigate these effects. FaDu or FaDu
IL-35 cells were mixed 1:4 in culture with M1 &2 macrophages. After 48 h, cells
were harvested, stained and analysed by Flow Cytometry. FaDu cells were identified
using a CD326+ CD}4yate Supplementary Data 1(Q. A minimum of 5000 events

were captured within the CD326+ CDIaDu cell gate prior tanalyses of apoptotic

and necrotic populations. Apoptotic cells were identified by gating the Annexin V+
PI- population Necrotic cells were found by gating the Annexin V+ Pl+ population

Population statistics showed that FaDu and FHD85 cells in all amples were
highly apoptotic Figure 5.9B). A lower percentage of these cells in all samples were
necrotic Figure 59C). NeitherM1 nor M2 macrophages elevated the percentdge
apoptotic or necrotic FaDu cell§igure 5.9B and Figure 5.9G. M1 nor M2
macrophages affected the percentage of apoptotic or necrotic-IEa®mu cells
(Figure 5.9B and Figure 5.9GQ. Therefore, the data suggested that the macrophage
models used may not directly eliminate FaDu cells, and th@blbverexpression in
FaDucells did not affect susceptibility to macrophagediated cell death.

Interestingly, the percentage of apoptotic FADtB5 cells was higher than in FaDu
cells. Conversely, the percentage of necrotic cells was reduced inlEeg3ucells
(Figure 5.9B andFigure 5.9C) When assessed using-gest though, neither of these
differences were statistically significant. Overall, the data indicated that M1 nor M2
macrophages induce HNSCC cell death by apoptosis or necrosis. Moree@ér, IL
overexpression may nbave any effect on the susceptibility of these tumour cells to

macrophagenediated apoptosis or necrosis.
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Figure 5.9 Assessment of Midmediated FaDu cell death and regulation by FaDwlerived IL-35. FaDu o
FaDuIL-35 cells were cultured alone or mixed 4:1 with M1 or M2 macrophages. Cells were stained with a
and analysed by Flow Gynetry. FaDu/FaDdL-35 cells were identified by gating on the CD326+ Ct
population. These cells were then gated to identify apoptoticicélimexin V+ P}, or necrotic cell§ Annexir
V+ Pl+. A representative image of positive/negative discriminasishown for each sample grow)(Bar chart
are shown which display mean SEM) percentages of apoptotiB) and necrotic €) cells. (n=3). One Wa
ANOVA was used to compare differences in means between the control-dgrabp vs FaDu/M1 and FaDu/M
or the control group FabLL-35 vs FaDuIL-35/M1 and FaDdL-35/M2. A ttest was used to compare me
between FaDu and FaBlL-35 sample groups.

5.4 Discussion

Anti-tumour immunity is often dysregulated in inflamed HNS@Dppression of
immunity supports tumour progression and is associated with poor responses to
treatment and overall survival. TAMs are regulators of immunity in the TME. Rather
than the pranflammatory M1 phenotype, they are often polarised to the M2
pherotype in HNSCC, which promotes immunosuppression and tumour progression.
Previous literature reports hadescribeda role for IL-35 in the repolarisation of
macrophages from M1 to MZhang et al. 2016; Peng et al. 2019; Jiang et al. 2020;
He et al. 2021)However, there areurrentlyno reports that investigatiisrole in the
context of HNSCCThe thesis aimed to determine whether the immunosuppressive
cytokine IL-35, which demonstrated increased gene expression in inflamed HNSCC
cell lines(Chapter 3), promotes repolarisation of M1 macrophages, which may be
polarised by pronflammatory cytokines in an inflamed TME, to the prevalent M2
phenotype. The current study began investigating this by determining whether
HNSCGCderived IL-35 suppresses the M1 phenotype.

It was hypothesised that HNS&@erived IL-35 suppresses the M1 phenotype via
downreguation of preinflammatory cytokine secretion, H:BR, CD80 and CD86
expression required to present antigens to, and activate T cells, and the ability of M1
macrophages to directly eliminate tumour cellee Chapter studies revealed that
HNSCGderived L-35 indeed suppressed the ability of M1 macrophages to secrete
the prei nf | ammat ory &t yhawevieri dice notidwikcantly affect
expression ofHLA-DR, CD80 or CD86,nor did it significantly impact the

susceptibility of tumour cells to macropleagediated cell death.
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5.4.1 Macrophage models
5.4.1.1 Macrophage differentiation in THP1 cells

To test the thesis and Chapter hypothepdysiologically relevanimacrophage
modek were required Previous studies have used primary monodgiéved
macrophages (MDMs) aated from the blood of healthy volunteerstha monocytic

cell lines U937 and THP(Daigneault et al. 2010}t was initially intended for MDMs

to be used in the current study. However, due to lockdown and social distancing rules
put in place during the COVIEL9 pandemic, it became difficult to obtain samples
from volunteers. Therefore, THP1 cells, which are widely used and accepted as

macrophage models, were used as an altern@ivanput et al. 2014)

PMA was used to differentiate THP1 cells into macrophages. This method is used in
most of the pertinent literature ariths been reported to produce macrophage
phenotypes that closest resemble human MDDMsEgneault et al. 2010; Chanput et

al. 2014; Shiratori et al. 2017; Tedesco et al. 20A8)mitation of this approach is

that, dependent on the culture conditions used, such as ticentmtion of PMA
(ranging from 1 to 400 ng/mL), duration of stimulation and rest times, the phenotype
of the resulting macrophage model can vary significaiitbhro et al. 2004; Park et

al. 2007; Aldo et al. 2013; Tedesco et al. 2018)erefore, preliminary experiments
were performed to optimise a differentiation protocol that generated models relevant
to the requirements of the project experimebifferentiated cells wereequired to
become adherent and remain so for the duration of culture times employed during
Chapter experiments. They also needed to be easily harvested using a dissociation
solution, without the need for harmful cell scrapiRgr these purposes, THP1lsel

were differentiated to MO macrophages using the following proto¢HP1 cells

were stimulated with PMA (50 ng/mL, 24 h) followed by a 48 h rest to reduee off

target gene expression.

Data obtained in this Chapter verified macrophage differentiatiog tisis protocol.

The cells produced demonstrated hallmark features of macrophage differentiation
including - cell adherence to the culture plate, changes in morphology (small and
round monocytes to large and stellate macrophages) and increased calhdsize
granularity(Daigneault et al. 2010; Aldo et al. 2013; Baxter et al. 2020; He et al..2021)
Moreover, gene expression of the macrophage markers CD14 and CD11b were also
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elevated, which was in agreement wtievious studiegAldo et al. 2013; Forrester et
al. 2018; Starr et al. 2018; Jimerearan et al. 820). However, CD68 gene
expression was not increased. This concurred with some previous $Ridteset al.
2021)while disagreeing with othef§enin et al. 2015)which reflects differences in
models generated as a result afigd protocols. Nevertheless, data obtained provided
sufficient evidence that a THRlerived macrophage model had successfully been

established.

5.4.1.2 M1 macrophage model

To test the hypothesis, M1 and control M2 macrophage models needed to be
established. Préwus studies commonly polarise MO macrophages to M1 by treating
cells withlipopolysaccharidel( P S) a n dGeaim et dl. EON5) Smith et al. 2015;
Baxter et al. 2020)Preliminary studies showed that generatioMOf macrophages

using higher concentrations of PMA was required to optimise M1 polarisation.
Moreover, use of LPS was omitted, as both previous reports, and usage in the
laboratory group, have shown it to negatively affect cell viabEgnin et al. 2015)
Considering thespoints, M1 macrophages were generated by stimulating THP1 cells
with PMA (100 ng/mL, 24 h) followed by a 48 h rest to induce MO differentiation. MO
macrophages were then polarised to M1 by
concentrations and timeseve determined to be effective in preliminary studies. The
generated M1 macrophage model was verified by detecting expression of M1 markers
including HLA-DR, CD80 and CD86.

The Chapter studies reveal ed -ORlpeneantl FNo2 i
protein expression. M2 macrophages also expressedBiRArotein, but at a much

lower level than in M1 macrophages. This suggested that, to a lesser extent, PMA
and/or 1L.-4 may also have induced HEBR expression. CD80 expression was also
upregulated followig M1 polarisation. PMA may have increased expression initially,

as both gene expression in MO, and protein expression in M2 macrophages, were found
to be el evated. Neverthel ess, Il FN2 induc
HLA-DR expression in M macrophages. Raised expression of both HIEA and

CD80 following M1 polarisation, was in line with previous reports using similar
protocols(Genin et al. Q15; Shiratori et al. 2017CD86 expression in contrast, was

unaffected by | FNo, which may suggest t
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expression in PMAdifferentiated macrophages. Concurrently, there are no literature

reports that indicate the coaty.

Overall, increased HLADR and CD80 expression, and subsequent data demonstrating
successful secretion of TNFU, al |l eviden

viable M1 macrophage model.

5.4.1.3 M2 macrophage model

IL-4 and/or 11-:13 are commonly usetd induce M2 polarisation in THPderived
macrophage mode(§&enin et al. 2015; Smith et al. 2015; Baxter et al. 2020the
current study, based on preliminary work, stimulation of THP1 cells with a lower
concentrabn of PMA (50 ng/mL, 24 h followed by 48 h rest) and subsequent
polarisation by addition of H4 (20 ng/mL, 48 h) was used. Previous studies have
struggled to standardise a protocol for M2 polarisatigaxter et al. @20). Though,

in agreement with the current protocol, Baxter recommended that PMA concentrations
below 100 ng/mL were necessary for M2 polarisation using dr IL-13, as PMA

can favour M1 polarisatio(Baxter et al2020)

When validating M2 polarisation in the current study, it was expected that expression
of the M2 markers CD163, CD206 and-1D would be elevated following treatment
with IL-4. CD206 gene expression was markedly increased, which was in aceordanc
with previous studie@Daigneault et al. 2010; Genin et al. 2015; Wheeler et al. 2018)
However this was not reflected in protein expression, levels of which were observed
to be low, and similar to that in M1 macrophages. This may have been remedied by
increasing the 114 concentration used, or by extending the duration of time cells were

under stinulation.

CD163 expression was expressed in the M2 model. Its expression was strongly
induced by the initial treatment of THP1 cells with PMA, but not at all by IL
stimulation used to polarise to M2. MO macrophages demonstrated higher CD163 gene
expresn than M2 macrophages, which possibly reflected the dissipating effects of
PMA treatment during the additional 48 h period cells were unddr dtimulation.

This could be confirmed using tire®urse studies. Furthermore, protein expression
was much highein M1 macrophages than in M2, which may have been a consequence
of higher concentrations of PMA used to generate M1 macrophages relative to M2.
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Overall, it could be surmised that-& did not affect CD163 expression in the
developed model. This was imé with previous studies, which suggested that, for
CD163 upregulation, THRderived macrophages needed to be stimulated wAflO|L

or a combination of It4 and IL-13 (Baxter et al. 2020)Despite this possible
limitation, as an M2 marker, its expression validated the M2 model.

As with CD163, 11-:10 gene expression was expressed in the M2 model, but did not
appear to be regulated by-#stimulation. According to work by Genin and others,
the current protocol may havequired cells to be under- stimulation for a longer

time, but may also require 113 costimulation (Genin et al. 2015)Despite the
limitation of low expression observed for these M2 markers, it could still be assessed
whether HNSC@&lerived IL-35 affected this. As sucthe M2 macrophage model was

deemed fit for the purposes of the study.

A limitation of the study was that the same samples were not analysed using gPCR
and Flow Cytometry experiments. Ideally, MO macrophages would also have been
analysed by Flow Cytometryrhough, due to antibody availability, the number of

samples that could be analysed in the project was limited, and thus MO macrophage

controls were omitted.

A limitation of using THP1 cells is the plethora of differentiation and polarisation
protocols reported and the varying phenotypes they produce. In future, it may be
beneficial to develop standardised TH@Rrived macrophage models, encompassing
cell passage numbers, seeddensities, differentiation and polarisation conditions,
that consstently induce expression of specific differentiation and polarisation
markers. This would allow the researcher to select an established protocol for their
particular research purposes. As a potent protein kinase C (PKC) activator, use of
PMA can resultn changes to gene expression of unintended targets. Therefore, in
future studies, should PMA be used for differentiation, application of low
concentrations, which may result in loss of adherence after short incubation times,
followed by extended rest timamay be a preferable method, as this would minimise
the influence of oftarget genes in downstream studies. As an alternative, if other
differentiation reagents, without the use of PMA, can induce similar morphological
and gene expression profiles tottlbserved in MDMs, this would be beneficial in

the development of standardised polarisation protocols.
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5.4.2 Assessment of the role of HNSCderived IL-35 in suppression of the
M1 phenotype

5.4.2.1 Suppression of TNEsecretion by M1 macrophages

After generation of MOM1 and M2 macrophage models, the hypothesis that HNSCC

derived IL-35 suppresses the M1 phenotype was tested. M1 macrophages seerete pro
infl ammatory cyt okl L3 IL-4 b c b dQecchidhiFet , I L
al. 2019) The Chapter studies found that, in twevitro M1 macrophage models,
HNSCGderived Ik35 directly suppressed TNFU secr
outside the context of HNSCOsa showed that K35 inhibits the M1 phenotype via
suppression of Til&rthatoay ncgitokires. He rshowed that
recombinantlIk35 reduced gene expr es diffeventiatedf T NF U
THP1 model. Additionally, the alternative pidflammatory cytokines 6 and IL-

1b wer e al s o -35(HpqialRAE2%).6Sunilabrgsults Wwere also observed

in studies by Peng and Jiang (Peng et al. 2019; Jiang et al. 2020). Thus, the Chapter
data adds to the body of literature, and suggesiis HINSCCderived IL-35 may
suppresstheMp henot ype of TAMs via inhibition ¢

The current study could have been improved by repeating experiments performed
using the M1 macrophage model. This would allow differences caused by treatments
to be evaluated statistically. Though, as effects were observed using two different
models, and confirmed statistically in the MHe model, it can be considered that
sufficient data was obtained. A limitation in this and other studies in the Chapter was
the use of blocking antibody. As macrophages express Fc receptors, this may have
affected results. Ideally isotype controls would have been used, or use of a control
whereby CM samples are pireated with antibodies to remove EBI3 and p35.

In summary, in aovel finding, the study elucidated that HNS@€rived 1L-35 may
suppress TNFU secretion in M1l macrophages
to downregulate the artimour M1 phenotype in the TME. Future studies in this area

could be focused on dakating how Ik35 si gnal l ing results i
Also, it could be investigated whether HNS@€rived IL-35 affects expression of

other preinflammatory cytokines in M1 macrophages, such a6 dnd IL-1.
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The effects of the wildtype FaDu secretome TNFU secreti on was a
It was found that, while CM from FaDu cells had no effect on treatetikd ells, it

el evated TNFU production in the M1 macro
this disparity is that, as different agents wesed to induce differentiation, the

resulting macrophage models exhibited different receptor and gene expression
profiles. Otherwise, this finding could suggest that HNSCC cells which do not
overexpress 35, may secrete soluble factors that stimulate umaresponses from

M1 macrophages. CH@BI3 CM had similar effects, which further suggests that

treated M1 macrophages may have recognised and responded to foreign molecules in

their secretomes.

A key novel observation in these studies, was that CM taken FaDu cells that
overexpressed EBI 3, but not p35, was al s
M1 macrophages and Mike cells. To test if these effects were attributed to secreted

EBI3 alone, cells were treated with CM from Aomman CHO cells tha
overexpressed human EBI 3 after transfect]
secretion. Ideally, additional repeats using GHBI3 CM or recombinant EBI3

would have been performed in both M1 models, and trends validated statistically, to
confirm this. Nevertheless, the data obtained suggestedBB& may require
interactions with additional FaBpr oduced f actors to enabl e

When identifying potential EBIBinding partners that facilitate this, candidate
proteins were found using EBproteomics data. When tested, it was found that gene
expression of p19, p28 and p35 in FaBEBI3 cells were found to be too low to be
attributed to this role. Regarding p35, it cannot be ruled out that EBI3 overexpression
increased p35 protein stabilitywhich could enable H35 productionDevergne et al.
1997) This would need to be confirmed in future using an ELISA, or co

immunoprecipitation.

Future studies could be performed to help identify proteins that associate with EBI3

in FaDu cells. From candidate genes found using the proteomics database, it was not
analysed whether HLA is upregulated in FaDEBI3 cells. This could be
determined by R-gPCR. Interestingly, a new study has suggested that EBI3 could

i nteract with p40 to form a novel cyt ok

expressior(Lee et al. 2022)Thus, it may be prudent to assessegpression of p40
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in the FaDWEBI3 cell line. Other candidates could be identifisthg techniques such

as RNA sequencing or microarray, and comparing data from FaDu andBRIBu

cells, or using immunoprecipitation to pull down EBI3, followed by SEXS5E and

mass spectrometry or Western Blotting to identify binding partners. It alsmtche
disregarded that this phenomenon could be the result of unintended effects caused by
random integration of EBI3 plasmid DNA into the genome during transfection. This
could be validated by sequencing the FeERI3 genome and comparing it to FaDu

cells.

Overall, what the novel data suggests, 1is
secretion in M1 macrophages by not only secretin3Lbut also EBI3 in association

with another secreted protein.

5.4.2.2 Downregulation of HLADR, CD80 and CD86

HLA-DR, CD80 and CD86 are biomarkers of the M1 macrophage phenotype. HLA
DR is used to present tumour antigens to T cells. CD80 and CD86-atienctatory
molecules used to activate engaged T cells. It was evaluated whether H¢8@£

IL-35 suppressed the M1 piatype by downregulating expression of these markers.
When searching the literature, no previous research had investigated this. In the
current study, using both a contact independent approach (treatment with CM) to
assess the direct effects of secrete@%.or a mixed culture approach which enabled
cell crosstalk, the data obtained revealed that HN8&@ed IL-35 had no significant
effect on expression of HLAR, CD80 or CD86 in M1 macrophages.-Qature with
FaDulL-35 cells also had no significantffect on their expression in M2
macrophages.

As a control, macrophages wereadtured with FaDu cells. FaDu cells did not affect
expression of HLADR, CD80 or CD86 in M1 or M2 macrophages. This was in direct
contrast to a study by Ishizu and oth@ssizu et al. 2021)it must be noted however,

that this study used an MDiderived MO model treated with conditieth medium

from FaDu cells. This promoted polarisation to a mixed M1/M2 phenotype, which
displayed elevated levels of HEBR and CD86 but downregulation of CDB8O0.
Discrepancies in the results obtained when compared to the current study, could be
due to diffeences in the macrophage model used, that the tested macrophages were
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MO and not M1 nor M2, or that the reported study did not incorporateceéll
crosstalk which may have additional effects. In conclusion, the data from this Chapter
suggested that HNSCeells without influence of immune cells or cytokines, may not

regulate HLADR, CD80 or CD86 expression in M1 or M2 macrophages.

FaDulL-35 CM did not affect gene expression of HIZR or CD80 in M1
macrophages, but did increase CD86 gene expressiecultboe did not affect HLA

DR, CD80 or CD86 protein expression in M1 or M2 macrophages. Discrepancies in
induction of CD86 gene expression but lack of protein upregulation could have
occurred for several reasons. It is possible that changes in gene expressiomt
statistically significant (n=1). This would require additional repeats and statistical tests
to confirm. Also, a longer culture time may have been required to see changes in
protein expression on the cell surface. THooeirse studies could be dge investigate

this.

It must be noted that mean percentages of M1 and M2 macrophages that expressed
these M1 markers was different when validating polarisation, compared to when
assessed in eculture studies. This may be due to the dissipating efféatgtokine
stimulation used to polarise cells while they were left untreated for the 48 h mixed
culture experiments. Timeourse studies could be used to verify this in future. This
may have been mitigated by increasing the doses of polarisation agents.

There were limitations in the Flow Cytometry experiments used in this study. To
increase accuracy when gating on positive/negative populations, it would have been
ideal to prepare fluorescence minus one (FMO) controls. However, due to the number
of antibodie used in panels, the costs that would be required to do this rendered this
approach unfeasible. Furthermore, it was difficult to assess whether trends observed
were statistically significant. This was because, despite collecting 10,000 events in the
cytometer, the number of live CD326hacrophages identified in @ulture (1:4 with

FaDu cells) ranged from 350 to 900 events. When gating positive populations for
different markers within this range, the number of resulting events was very low,
especially in ésser expressed markers. Therefore, in future, it may be beneficial to
collect more than 10,000 events in the cytometer, which would in turn, increase the

number of macrophages available for evaluation.
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A CD326 gate was used to identify macrophages inedigulture. CD326 (EpCAM)

is a cell adhesion molecule that had been verified to be expressed in FaDu cells.
However, it was possible that these macrophages may have reduced or eliminated
CD326 expression as a means of increasing tumour cell invasivertagsiig may

only be minimal, it may have affected results. In future it may be beneficial to use an
additional macrophage marker to better gate on macrophages. CD14 was attempted in
preliminary studies but was highly variable and could have been affegtdid35
overexpression. An alternative marker such as the pan macrophage marker CD68 may
be useful here, though a sufficient amount of time would be required to develop a new
antibody panel and festablish compensation matrices.

Overall, the results didot support the hypothesis, as it suggested that HNGZi&ed
IL-35 may not suppress the M1 phenotype via downregulation of BIRACDS80 or
CD86. This means it may not inhibit antigen presentation -@tiowulation of T cells

by M1 macrophages.

5.4.2.3 Regulation of M1-mediated tumour cell death

M1 macrophages can directly kill phagocytosed tumour cells via productiom-of
inflammatory cytokines anceactive oxygen/nitrogen speci@hen et al. 2019; Pan

et al. 2020) Research by Genin and others showed, using a THP1 model, that M1
macrophages can promote tumour cell deathtio (Genin et al. 2015)n the current
study, it was purported that M1 macrophages induce HNSCC cell death, and
overexpression of k35 may ameliorate this by repolarising M1 macrophages to M2.
The results revealed that jnethernMlinkreM2f i nd i
macrophages promateapoptosis or necrosis of FaDur FaDulL-35 cells. It is
possible that the Mnacrophage model could not recognise tumour cells in a manner
that enabled phagocytosis. They may alsgonotlucethe oxygen or nitrogen species
required to induce tumour cell deaghthird possibility is that these M1 macroges
require tumour cells to be bound by antibodies to facilitate phagocytosis and tumour
cell death. AlternativelyFaDu cells may possess intrinsic mechanisms that enable
them to resist phagocytosis and macrophagédiated cell death, possibly including

eX pr es s i on-eatnme signaleDAXAmné iand Wang 2021 which would

need to be evaluated using ffCR or Flow Cytometry. What these results do
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highlight however, is that TNFU produced
cell apoptosigAminin and Wang 2021; Laha et aD21).

In an interesting observatipnlL-35 overexpression increased the percentage of
apoptotic FaDu cells. While ¢difference in apoptotic cells between FaDu and FaDu
IL-35 cell populations was netatistically significanivhen analysed using &est,

this trend suppoed previous research which suggested thaB®HLoverexpression
increases the sensitivity of tumour cells to apoptfisisg et al. 2013)It cannot be
disregardechowever,that thiseffect was a consequence tife gable transfection

events used to overexpress EBI3 and p35.

A limitation of this study was that there washigh percentage of both control and
treated cells that were apoptotic. Cells may have become apoptotic during the several
hours it took from harvesting cells to analysis by Flow Cytometry. Alternatively, a
common feature of tumour cells is that they mayurally produce high amounts of
phosphatidylserine, which is then bound by AnnexifA¥hinin and Wang 2021)As

such, the experiment may not have been fit for purpose. An alternative experiment to
test the hypothesis could involve the use of transwetiutture combined with an

MTT assay (34,5dimethylthiazol2-yl)-2,5-diphenyt2H-tetrazolium bromide).

While this experiment was attempted in preliminary studies, it could not be optimised
in the time available.

Ultimately, the data produced in the performed experiment did not agree with the
hypothesis. It suggested tmacrophages may not directly induce HNSCC cell death,
and that 11-35 overexpression in HNSCC cells has no effect on Tlmscontinue the
Chapter studies in the future, the effects of HNSte@ved IL-35 on suppression of

the M1 phenotype in MDM models glal be analysed, as they more closely resemble
in-vivo macrophages. It would also be ideal to examine wheth8b lexpression is
negatively correlated with expression of M1 markers in TAMsiwo, and whether

this changes with disease severity. Furtheenbow the I35 signal is transduced to

suppress TNFU signalling may be explored.

5.5 Conclusions

The current Chaptehnypothessed that HNSCCderived 1L-35 suppresses thill
macrophagehenotypean the TME. The sum of the Chapter data did not agree with
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this hypothesis. MO, M1 and M2 macrophage models were developed from THP1
cells. HNSCCderived IL-35 suppressed the ability of M1 macrophage models to
secrete the ponf | ammat ory cytokine TNFU. Thi s
inflammation, which may be pramed by IL-35, is associated with poor outcomes in
cancer. While this supported the hypothesis, HNSIEved IL-35 was found to have

no significant effect on HLADR, CD80 or CD86 expression in M1 macrophages.
Furthermore, the data suggested that M1 m&@oges may not induce FaDu cell

death, and as such, it was not determined wheth&b Itould mitigate this.

Thus, the Chapter data suggested that HN8&@/ed I35 may suppress pro
inflammatory cytokine production, but may not affect the ability of Mtmophages

to present tumour antigens to T cells, or to activate bound T cells via expression of the
co-stimulatory molecules CD80 and CD86. While novel, studiesva are required

to elucidate these findings further, and to evaluate the prognosticicage#é of
HNSCGderived IL-35.

Regarding the thesis hypothesis, the current Chapter began investigating the role of
HNSCGCderived IL-35 in repolarisation of M1 macrophages to M2 by analysing
suppression of the M1 phenotype. To continue this researcholtbwihg Chapter
evaluated whether HNSG@erived IL-35 promotes M1 to M2 polarisation via
upregulation of M2 markers.
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Chapter 6

Investigating the role of HNSGd&rived [1-:35 in M1 to M2
macrophagerepolarisation via promotion of the MZTAM
phenotype
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6.1 Introduction

In HNSCC, TAMs are often polarised to the M2 activation state, which suppresses
immunity and promotes tumour progressidfao et al. 202; Sica and Mantovani
2012; Kumar et al. 2019; Peltanova et al. 2019; Wondergem et al.. Z28)ch,

high densities of MZAMs are often associated with disease progression,
angiogenesis, tissue remodelling and decreased overall sufMuwal et al. 2011;
Weber et al. 2014; Hu et al. 2016; Okubo et al. 2016; Alves et al. 2018; Kumar et al.
2019; Kalogirou et al. 2021Y o tackle this therapeutically, it is important to identify
novel mechanisms employed BYNSCC tumour cells to promote MPAM
polarisation.

A role for tumourderived IL-35 on M2 macrophage polarisation in HNSCC has not

yet been studied. Data from Chapter 3 elucidated th&bllexpression may be
upregulated in hypopharyngeal carcinoma cel&)i#) in response to stimulation with

| FNo and TNFU. |t w3bsroduceg fooin hese icadlerday t h a 't
contribute to the prevalence of M2 TAMs in inflamed HNSCC by repolarising M1
macrophages to an Mike phenotype.Using a developed FaDu celiné that
overexpresses and secretes3B, data from Chapter 5 demonstrated that HNSCC

derived 1L-35 may suppress the M1 phenotype by blocking their ability to secrete
TNFU. The current Chapter aimed to cont
investigatng whether HNSC&lerived IL-35 promotes M1 to M2 repolarisation by
upregulating expression of M2 markers. The potential impact of this research is that it
may validate I35 as a biomarker of immune dysfunction and disease severity in
HNSCC. Furthermoret may implicate I35 as a prospective target to improve host

immunity when used in combination with current immunotherapies.

6.1.1 M2-TAMs

TAMs are polarised to an M2 activation state via exposure to Th2 (T helper 2)
cytokines (such as ¥4, IL-13,IL-1 0 and TGFb) . M2 macrophag
in-vitro via expression of classical M2 biomarkers. These include surface markers

such as CD206;D163 and secretion of immunosuppressive cytokines including IL

10. Invivo, they can be identified via eexpression of the pan macrophage marker

CD68, and the M2 surface marker CDXB3imar et al. 2019; Peltanova et al. 2019)
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However, in cancers, several MAM subtypes have been described which express
different biomarkers (terme2-TAM markers henceforth) that can be attributed to
their roles(Lin et al. 2019) These consist of CD204, Al and B7#H4 (explained
below), which are involved in immunity, and TAM receptor tyrosine kinases
(TYRO3-AXL -MERTK) which are proteoncogenes that may haveles in disease
progression and therapeutic resistance in HN$Z&ma et al. 2011; Brand et al.
2015; von Massenhausen et al. 2016; von Massenhaisdn 2017; Ruicci et al.
2020) Thus, identifying expression of such TAM markers may provide insights into
the roles of MZTAMs in HNSCC. Within the current Chapter, M1 macrophage
models exposed to HNSCGderived IL-35 were evaluated for increased esqsion of

classical M2 surface markers, M2 cytokines, and candidaté M2 markers.

6.1.2 M2 surface markers

There are several proteins expressed on the surface of M2 macrophages that are used
for their identification. Of these proteins, CD163 and CD206 are amtynused to

identify M2 macrophages in +witro studies. CD163 is a scavenger receptor (binds

and removes inflammatory ligands from the bloodstream) that is upregulated by
macrophages during the resolution of inflammatfi®ohaer et al. 2006)n HNSCC,

CD163 is used to identify MZAMs in-vivo, though its role therein is not well
understoodKumar et al. 2019; Suare&zanchez et al. 2020; Wondergem et al. 2020)

CD206, also known as the mannose receptor, igteolkgdratebinding protein (€

type lectin). When expressed in M2 macrophages, it assists in resolution of
inflammation by removing excess pirdlammatory marker§fGazi and Martinez
Pomares 2009)it may also regulate immunity by inhibiting CD8+ T cell function

(Schuette et al. 2016However, its role in HNSCC is not well researched.

6.1.3 M2 cytokines

Interleukin10 (IL-10) is a potent immunosuppressive cytokine. Secreted by M2
TAMs, it inhibits antigen presentation, piflammatory cytokine production and T

cell activity. Hence, its overexpression in cancers can contribute to immune escape
(Mosser and Zhang 2008; Smith et al. 2018)10 is expressed by MZAMS in
HNSCC, and predominance of these expressingTiRIs is correlated with poor

prognosegCosta et al. 2013)
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Vascular Endothelial Growth Factor A (VEGH) is also produced by MZAMs. It

is a key mediator of tissue remodelling and angiogenesis in cancer, aating
endothelial cells to promote generation of new blood vessels. These vessels carry
nutrients and oxygen which are integral for exponential tumour gr(@@dhmeliet

2005) TAMs in oral cancers have &e shown to overexpress VEGF. Moreover, high
densities of these TAMs in HNSCC have been correlated with disease progression and

poor survivalSun et al. 2018)

6.1.4 M2-TAM markers

CD204, also known as scavenger receptor A (SRA) or macrophage scavenger receptor
(MSR), is highly expressed on MPAM surfaces. CD204 overexpression is often
asseiated with tumour progression and poor prognoses in several cédbteaki et

al. 2010; Kurahara et al. 2011; Shigeoka et al. 2013; Ichimura et al. 2014; Miyasato et
al. 2017) In HNSCC, its ceexpression with CD163 in TAMS iassociated with RD

L1 and IL-10, suggesting a role of CD163+ CD204+ TAMs in T cell inhibition and
immune suppressiofiKubota et al. 2017)

M2-TAMs can suppress Tell activation via expression of immune checkpoint
ligands. MXTAMs promote anttumour immunity by capturing tumour antigens,
processing them into small peptides, and presenting them on their surfaces in
association with MHC 1l molecules. This faciligtthe recruitment and engagement

of CD4+ T cells. To help activate these cells, M1 macrophages exprssmotatory
molecules (such as CD80 and CD86). In contrast, to attenuate or suppress the activity
of bound T cells, M2 macrophages express immunekguent proteins. These send
inhibitory signals to engaged T cells, which, under normal conditions, prevents auto
immunity and chronic inflammatio(Fife and Bluestone 2008pDverexpression of
these proteins by tumour or immune cells within cancers can contribute to
immunotolerance. In the current Chapter, it is explored whether HN&@@ed IL-

35 can promote M1 to M2 repolarisation via upregulation of the checkpoint proteins
PD-L1 and B7H4.

PD-1 is a wellstudied ceinhibitory receptor expressed on activated T cells. Its ligand
PD-L1 is commonly overexpressed in inflamed HNSCC, and can be idduace
tumour <cel | s s (Tsushimb et al.€2006; @rajakhandIAFuMa 2015;
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Qiao et al. 2020)PD-L1 has been shown to be overexpressed iRTMRIS within

oral cancers, where it was associated with elevated T cell apdgiasig et al. 2017)
Mechanistically, PEL1 on macrophage or tumour cell surfaces engaged D
activated T cells. This sends inhibitaignals to the bound T cell, resulting in T cell
exhaustion and apoptogi@iao & al. 2020) Thus, PDBL1 is a potent suppressor of T

cell activity and anttumour immunity. HNSCC cells have been reported to induce
PD-L1 expression in ceultured TAMs via a mechanism dependent ofllL(Jiang

et al. 2017)What was not known, and is explored in the Chapter research, is whether
HNSCGCderived IL-35 can upregulate RD1 expression in M1 macrophages as a
method of M2 repolarisation and suppression ofamiour immunity.

B7-H4 is another immune checkpoint protein. It is commonly overexpressed in tumour
cells and TAMYChoi et al. 2003)where it binds to and negatively regulates activated

T cells in the TME(DeNardo and Ruffell 2019; Wang and Wang 2026)oral
cancers, B#H4 has been shown to be highly exgged, where its prevalence is
correlated with disease progression and poor survival. Its expression was also
associated with that of CD11b and D, indicating this was of TAM origifWu et

al. 2016a) By exploring the potential upregulation of these TAM markers in M1
macrophages under stimulation with HNS@€rived IL-35, tre Chapter research may
provide insights into the immunoregulatory roles of3&induced macrophages in
HNSCC.

The purpose of the current Chapter was to expand on research in Chapter 5, by
investigating whether HNSC@erived IL-35 promoted the repolarisati of M1
macrophages to an MPAM phenotype via upregulation of M2 markers. The Chapter
hypothesised that HNSC@erived IL-35 promotes the repolarisation of M1
macrophages to an MPAM phenotype by upregulating M2 cytokine secretion, M2
surface marker expssion and that of candidate immunosuppressiveTZ

markers.

6.2 Aims and objectives

1 Assess the role of HNSC@erived IL-35 in promoting M1 to M2
repolarisation via upregulation of M2 cytokine production{.and VEGF
A).
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1 Assess the role of HNSC@erived IL-35 in promoting M1 to M2
repolarisation via upregulation of M2 surface marker expression (CD206 and
CD163).

1 Assess the role of HNSC@rerived IL-35 in M1 to M2 repolarisation via
upregulation of candidate MPAM marker expression (PD1, B7-H4 and
CD204.

6.3 Methods

Several of the methods used in this Chapter are explained in detail in Chapter 2. The
specific sections where these can be found are referenced using parentheses.
Generation of steriléiltered conditioned medium from transfected FaDu and CHO

cdl lines (Section 2.3.6.% Generation of macrophage modebe¢tion 2.3.7. RT-

gPCR and primer sequenceie(tion 2.3.2. Flow Cytometry and antibody panels
(Section 2.3.9.

6.3.1 Upregulation of M2 cytokine production

To investigate whether HNSCGd@erived IL-35 affected 1:10 gene expression in M1
macrophages, RGPCR was usedSimilar to experiments in Chapter, B11
macrophages were generated in&2ll plates Section 2.3.Y and either mock treated

with culture medium, stimulated with 10% FalDu-35 CM, or double stimulated with

10% FaDulL-35 CM in combination with a blocking antibody (monoclonal -anti

EBI 3, 4 €g). Cells were incubadethctadnder t
RNA was converted to cDNA, 8 ng of which was analysed by gPCR to measure fold
changes in gene expression ofllQ, relative to mock treated M1 macrophadgesta

was nor mal i sed t o-Actinh@®=1)r &llfsemplesawee rug @ne b

triplicate.

To investigate changes in-10 secretion, ELISA experiments were performed. As a
preliminary test, MO, M1 and M2 macrophages were seeded inteeR4plates
(Section 2.3.7. THP1 cells were also cultured as a control. Cells were mock treated
with fresh culture medium, or FaBlu-35 CM at 10%, 20% or 50% of the culture
volume. Alternatively, cells were treated with 20% CM from F&RI3 or FaDu

p35 CM as controls. Other concentrations were omitted due to limitations in
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availability of wells in ELISAplates. 48 h podteatment, all supernatants were
collected and analysed to detect secreteddlusing an ELISA kit as instructed by

the manufacturer (ThermoFisher Scientific). (N=1). Each sample was run in triplicate.

For validation experiments perfoed three times with statistical analyses, MO, M1

and M2 macrophages were seeded and treated with 10% CM fromlE&83, FaDu,
FaDuEBI3, CHOEBI3 and FaDp35 cells. 10% of the culture volume was selected

to minimise the effects of serum starvation. THiells were analysed as negative
controls. 48 h podfreatment, supernatants were collected and analysed b0 IL
secretion by ELISA. (N=3). All samples were run in triplicéer all IL-10 data,
concentrations (pg/mL) were displayed in bar charts. Whage differences in
concentrations were observed between samples, and concentrations were below the
minimum detection limibf the assay2 pg/mL), yaxes were split tshow high and

low IL-10 concentration dat®ifferences in meaitlL -10 concentrationdetween the

control groups (MO, M1 or M2) versus treatment groups, were analysed statistically
using One Way ANOVA with Dunnettds post

To provide an estimate of gene expression levels of VBGHK M1 macrophages,
THP1 cells, M1 and M2hacrophages were cultured in-@#ll plates Section 2.3.7.

250 ng RNA was extracted and converted to cDNA. 8 ng cDNA was analysed by
gPCR to measure fold changes in gene expression relative to untreated THP1 cells.
Data was normalised to the referencen ge-Adiin. (N=1). Samples were run in

triplicate.

To investigate whether HNSCG@erived IL-35 can upregulate VEGK expression,

M1 macrophages were treated with fresh culture medium (mock treatment) or 10%
FaDuIL-35 CM alone, or in combination with a blarg antibody(monoclonal anti

EBI 3, After 48 9 of incubationd ng cDNA was analysed by gPCR to measure
fold changes in VEGIA expression relative to mock treated M1 macrophages. (N=1).

Samples were run in triplicate.

6.3.2 Upregulation of M2 surface maiker expression

To investigate changes in gene expressionggRTCR was usedith conditions similar
to Chapter 5M1 macrophages were generated inn2dl plates(Section 2.3.7 and
treated with fresh culture medium (mock treatment), conditioned mediun-adm
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IL-35 cells (FaDuL-35 CM) at 10% of the culture volume, or Faluit35 CM in
combination with a blocking antibodyonoclonal antE B1 3 , A#er 48 g, B ng
cDNA was analysed by RGPCR to detect changes in gene expression of CD206 and

CD163 redtive to mocktreated M1 macrophages. (N=1). Samples run in triplicate.

To evaluate the effects of HNS@ferived IL-35 on protein expression of CD206 and
CD163 in cecultured macrophages, M1 or M2 macrophages were mixed 1:4 with
FaDu or FaDulL-35 cells ad incubated for 48 h (detailed methods Section
2.3.9.3) M1 and M2 macrophages left untreated in monoculture were used as controls.
Cells were harvested and Fc receptors blocked by addition of TruStainCedX.

were stained with a Live/Dead stain kimd the Macrophage Polarisation antibody
panel Chapter 2 - Table 2.7). Samples were fixed for up to 72 h in FluoroFix buffer.
10,000 events per sample were captured in an LSRFortessa. Using FlowJo, single, live
cells were identified. Within this populatipmacrophages were captured by gating on
CD326 cells (representative image of gating shownSumpplementary Data 9.

Within the CD326 macrophage population, cells were gated to separate those positive
and negative for CD206 or CD163 expression (detaiiethods inSection 2.3.9.Y.

For each marker, a uniform gate was set for all sample groups. Where necessary,
dotplot axes were adjusted to ensure all events were displayatiM1 test groups

(M1, M1/FaDu, M1/FaDdL-35), a minimum of 380 events weraptured in the
CD326 macrophage gate prior to analyses. Within the M2 test groups (M2, M2/FaDu,

M2/FaDulIL-35) a minimum of 500 events were captured in this gate.

The effects of I35 overexpression in FaDu cells on the expression of these markers
was evluated by comparing the mean percentages of CB®@26rophages that were
positive for CD206 or CD163 between the M1 test samples (M1 vs M1/FaDu vs
M1/FaDulL-35) and M2 test samples (M2 vs M2/FaDu vs M2/FAD+B5). M1

(n=2). All other test samples (n=)h e Way ANOVA and Tukeyos

evaluate whether differences in means were statistically significant.

6.3.3 Upregulation of M2-TAM biomarker expression

To provide an estimate of gene expression levels of thd M biomarkers PBL1
and BZH4 in M1 marophages, THP1 cells, MO, M1 and M2 macrophages were
cultured in 24well plates §ection 2.3.J. 8 ng cDNA was analysed by gPCR to
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measure fold changes in gene expression relative to untreated THPDatllsvas
nor mal i sed t o 4Adtire (Nrle Baenpleswererungndriplieateb

To investigate the effects of HNS@i{erived IL-35 on gene expression of the M2
TAM markers PBL1 and BZH4, M1 macrophages were generated i@l plates
(Section 2.3.7and treated with fresh culture medium (mock treatment) or 10%-+aDu
IL-35 CM alone, or in combination with a blocking antibgdyonoclonal antEBI3,

4 ¢ A¥ter 48 h,changes in PEL1 and B7H4 gene expression were analysed by
RT-gPCR as described aboybl=1). Samples were run in triplicate.

To evaluate whether HNSCGderived IL-35 could increase expression of the-M2
TAM marker CD204 in macrophages, M1 or M2 macrophages were mixed 1:4 in
culture with FaDu or FaDiL-35 cells, stained with fluorescent dudies and
analysed for differences in CD204 expression by Flow Cytometry as described for M2

surface markers. M1 (n=2). All other samples (n=3).
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6.4 Results
6.4.1 Upregulation of M2 cytokine production

It was evaluated whether HNS&ferived IL-35 increased 10 gene expression in
M1 macrophages. RGPCR data showed that treatment of M1 macrophages with
FaDulIL-35 CM (10%) had no effect of HiLO gene expressiofigure 6.1A).

As a preliminary test, M1, as well as MO and M2 macrophages, werelated for

48 h with increasing concentrations of Falu35 CM (10%, 20% or 50% of the
culture volume). Supernatants were analysed by ELISA. Data obtained showed that
M1 macrophages secreted very low levels efl.which was reduced by FaBblu-

35 CM. FdDu-IL-35 CM did not affect IE10 levels secreted from MO or M2
macrophagesSupplementary data 14.

To validate these findingexperiments were performed using three independent
repeats and statistical analyses. M1, MO or M2 macrophages were treatet foitid

10% CM from transfected cell lines. Supernatants were analysed by ELISA. M1
macrophages secreted low levels oflll (Figure 6.1B). Treatment with FaD{L -35

CM caused a nosignificant decreaseF{gure 6.1B). FaDup35 CM induced an
increase in IL10, but this was not statistically significaiigure 6.1B). Similar to
FaDuIL-35 CM, FaDu CM, FaDdEBI3 CM and CHGEBI3 CM all induced non
significant reductions in K10 secretionKigure 6.1B). The data therefore suggested
that HNSCCderived 1L-35 may haveno significant effect on gene expression or

secretion of [L10 in M1 macrophages.

MO macrophages secreted trace levels efOLFigure 6.1C). Treatment with FaDu

IL-35 CM had no effectHigure 6.1C). However, while FaDy35 CM @used non
significant increases in M1 macrophages, it was found to markedly incred$e IL
secretion in MO macrophages (p <0.00CRig¢re 6.1C, supplementary data 1%
Stimulation with FaDu, FaD&BI3, or CHOEBI3 CM had no effectFigure 6.1C).

Thus, thedata showed that HNSCderived 1L-35 may not upregulate L0 in MO
macrophages. The secretome from tumour cells that overexpress p35 however, may

potently induce IE10 secretion in MO macrophages.
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Figure 6.1 Effects of HNSCGderived IL-35 on expression and secretion of H10 in cultured macrophagt
models.(A) M1 macrophages were treated for 48 h with 10% CM from HaB85 cells alone or in combinati
with an aniEBI1 3 monoc!l| onal ARCARI wa sed/ to dsdess dol )changes Tirli gen
expression relative to untreated M1 macrophages. Data representsSDebixl. Alternatively, M1(B), MO
(C) or M2 (D) macrophages were treated with 10% Chdrg cellsshown in Figure) for 48 HCultured THP
cellswere analysed as negative contr@spernatants wereollected andinalysed by ELISA to assess chal
in IL-10 secretion. Data represents meancentration (pg/mLy SEM. (N=3). Statistics were analysed us
One Way A\OVA wi t h Du n +#hecttestd somgae snéans of eatrleatmentgroup to the control M
MO or M2 grous. *** = p <0.001, **** = p <0.0001.
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M2 macrophages secreted very low levels oflL (Figure 6.1D). Treatment with
FaDuIL-35 CM, nor that from FaQuFaDuEBI3 or FaDup35 cells, had any
significant effect Figure 6.1D). CHO-EBI3 CM induced a significant reduction in
IL-10 secretion from M2 macrophages (p <0.0(Hyre 6.1D). In summary, the
data suggested that HNS&ierived IL-35 may not promote Mpolarisation via
upregulation of 110 expression. In contrast, the secretome of HNSCC cells that
overexpress p35, but not EBI3nay elevate [E10 secretion in MO or M1

macrophages

The effects of HNSC&lerived IL-35 on VEGFA expression in M1 macrophagesas
investigatedRT-qPCR data from preliminary tests demonstrated that differentiation
and polarisation to M1 macrophages increased \HB@&xpression 4old relative to
untreated THP1 cell$-{gure 6.2A). VEGFA expression could not be iéeted in M2
macrophaged{gure 6.2A). Treatment of M1 macrophages with Falu35 CM had

no significant effect on VEGR expression Kigure 6.2B). The data therefore
indicated that HNSCd@erived IL-:35 may not promote M2 repolarisation via
upregulation oWEGFA expressionthough additional repeats are required to confirm

this.
(A) (B)

VEGF-A M1
10 4

Relative Fold Change
(3,
]

Relative Fold Change
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THP1 M1 M2 K\ P o

Figure 6.2 Effects of HNSCGderived IL-35 on gene expression of VEGR in M1 macrophages.(A) THP1
M1 and M2macrophages were analysed by-§HCR to assess changes in VESEXpression relative

untreated THP1 cellsB} M1 macrophages were treated for 48 h with FAD®5 CM (10%) alone or with :
anttEB1 3 monocl onal -gPGRwabusedyo meabuokl ghpnges R §ene expression rel:
to untreated M1 macrophages. Data represents+8&aiin=1). Samples run in triplicate.
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6.4.2 Upregulation of M2 surface marker expression

Cultured M1 macrophages were treated for 48 h with FhB85 CM alone, or in
combination with an anteBI3 blocking antibody. RTgPCR data showed that neither
treatment had any significant effect on gene expression of CD206 in M1 macrophages
(Figure 6.3A).

M1 macrophages were mixed 1:4 with FaDu or FAD435 cells and cultured for 48

h, stained with fluorescent antibodies, and analysed by Flow Cytometry. Macrophages
were distinguished from FaDu cells by using a CD3g&e. It was then assessed
whether ceculture with FaDulL-35 cells significantly increasetthe percentage of
CD326 macrophages that expressed CD206.

Flow cytometry data shown iRigure 6.3C demonstrated that {B5 overexpression

had no significant effect on CD206 expression in M1 macrophages. CD206 expression
was low in monocultured M1 macrophages (mean 14%). M1/FaDu culture reduced
the mean CD326CD206+ macrophage population (14% to 8%)/FaDulL-35
culture partially mitigated this (12%). However, as none of these differences were
statistically significant, the data suggested thatwture with FaDu cells, nor those

that overexpressed 1B5, had any effect on CD206 expression in M1 mplcages.

A low mean percentage of M2 macrophages in monoculture expressed CD206 (16%)
(Figure 6.30). IL-35 overexpression in ewultured FaDu cells had no significant
effect Figure 6.3C). The data followed a similar trend as with M1 macrophages,
whereby M2/FaDu culture reduced CD206 expression relative to control M2 culture
(6% versus 16% respectively), which was partially mitigated b33loverexpression

(9%) (Figure 6.3C). None of these differences were statistically significant.
Therefore, the overatlata indicated that HNSCG@erived IL-35 may not promote M2
polarisation via induction of CD206 gene or protein expression.
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