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Abstract

The use ofimmunotherapy totreat canceris a rapidly expandingfield. Overthe lastten years,
the number of clinical trials of immunotherapy, both alone and in combination with other
agents, including cytotoxicchemotherapy, has grown exponentially. Whilethe use of
immunotherapy has revolutionised the management of cancers such as melanoma, renal cell
carcinomaand lung cancer, otherdiseases, including colorectal cancer, have fared less well. In
goingforward, an increased understanding of the mechanism of immunotherapyin cancer
patientsisa vital stepin beingable toexploitthesedrugsin cancers where clinical efficacy has
previously been limited. Better understanding of immune responses in these patients may

identify potential responders to novel immunotherapy.

To thisend, we developed and validated a panel of immune functional assays, which can be
usedinclinical trials to assess the immune responsein peripheral blood. This panel can
therefore be used to gathertranslational datafrom clinical trials of anti-cancertherapy. We
used these assays to analyse the peripheral blood immune response in patients with
metastatic colorectal cancer undergoingfirst-line chemotherapy, with reference to the
neutrophil lymphocyteratio (NLR). Analysis of samples from 29 patients revealed that, in
patientswith ahigh NLR priorto treatment, there was evidence of an attenuatedimmune
response, withincreased levels of certainimmunosuppressive cytokines and depressed NK
cell function. Overthe course of treatment, we demonstrated that chemotherapy could

partially reverse this phenomenon, potentially enhancing anti-tumourimmunity.

Similarly, we interrogated blood samples of patients with metastaticmelanomareceiving
immune therapy with checkpointinhibitors. Here, we observed evidence of amore active
immune response, highlighting the differences between the two patient groups (those with

colorectal cancerand those with melanoma).

In conclusion, we confirmed that our functional immuneassay panel can be used effectivelyin
different groups of cancer patients undergoing avariety of treatments, withthe aim of an
improved understanding of the immune systemin cancer, responseto therapy and how this

may be exploited in the development of novel treatment strategies.



Aims and Objectives

This project setout to develop and validate a panel of immune assays, which could be
performed on peripheral blood, with a high degree of quality and reproducibility. As such, we
aimedto show that clinical samples could be collected from patients receivi ng systemicanti-
cancer therapy (including those partakingin clinical trials of novel therapies), cryopreserved
and batch analysedin orderto produce robust results.

Using this immune assay panel, we soughttointerrogate the response tofirst-line
chemotherapy in patients with metastatic colorectal cancer. Patients were stratified according
to baseline peripheral blood neutrophil lymphocyte ratio (NLR). We hypothesised that
patients with ahigh baseline NLR have suppressed immune responses, which could be
reversed by chemotherapy and could contributeto differences in overall survival (OS)

betweenthose with high NLRand low NLR priorto starting treatment.

Finally, in orderto confirmthatthese assays can yield meaningful results in different patient
groups, we analysed peripheral blood samples from those receivingimmunotherapy for
metastatic melanoma. This allowed us to compare immune responsesin patients with
different cancers undergoing different systemictherapies and put this datainto the context of

what we already understand about the immune systemin cancer.
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Chapter 1 Introduction

1.1 The Immune Response in Cancer

In orderto place into context the effects of anti-cancertherapy on hostimmunity, we first
needto have an understanding of the complex role of the immune system in the pathogenesis
and development of cancer. Broadly, immune activation involves a carefully regulated system
of checks and balances that firstinitiate and then attenuate aresponse. Thisisinitially
through rapid activation of the innate immune system, followed by the development of
specificimmunity againsta particular pathogen. Itis now well recognised that these
mechanisms do not function appropriately in patients with cancerand may be dysfunctional
ina way that supports tumour growth and metastasis. The ability of cancerto evade the
immune response has now been incorporated into the ‘Hallmarks of Cancer’ (1), along with
geneticinstability, resistance to cell death, ongoing cellular proliferation, and metastasis.
Otherfeatures of malignant cells have been targeted therapeutically and currentinterestin
anti-cancerimmunotherapyisincreasing exponentially. The ability to manipulate the immune
systemto target cancer has changed the field of oncology inthe last 10 years and produced

results thatare truly paradigm changing.
1.1.1 Adaptive and Innate Immune Response

The innate immune responseis non-specificbut has the ability to control and manage
pathogensuntil the development of an adaptive response. One of the primary effector cells of
the innate immune system is the natural killer (NK) cell, which exerts cytotoxic effects against
abnormal/infected cells and releases cytokines (which assistin priming T cells against specific
antigens) and chemokines (which recruitimmune cells to the site of infection or
inflammation) (2). In parallel, the detection of pathogens by phagocyticcells such neutrophils
and macrophages through pattern recognition receptors (PRRs) on the cell surface initiate
phagocytosis, whereby foreign organisms are engulfed and destroyed (3). NK cells also
contribute to the maturation of antigen presenting cells (APCs) such as dendriticcells (DCs)
and macrophages, which process and present antigens. Tumour-associated antigens (TAAs)
are molecules which can be specificto (orover-expressedin) malignant cells, such as
carcinoembryonicantigen (CEA) in colorectal cancer (CRC) and melanoma-associated antigen

recognized by T cells-1(MART-1). Presentation of antigenson APCsto T cells stimulates



proliferation of aclonal population of Tcells recognising specificantigens as part of a specific
adaptive response. Further T cell differentiation is dependent on the immune environment
and the presence of immunosuppressive or stimulatory cytokines (discussed in more detail in
section 1.2.2). Activation of B cells, the other component of adaptive immunity, formsthe
humoural immune response and the secretion of antibodies (immunoglobulin) against specific
antigens. Binding of these antibodies to antigen contributes to their recognition by
phagocytes. Alongside thisis the complement cascade, comprised of three functional systems:
the classical, alternativeand lectin pathways (reviewed in (4)). Their main functions are to
complementthe cellularand humoural immune responses by contributing to the destruction
of pathogenicorganismsthrough opsonisation (attaching to the surface of damaged cells),
thereby recruiting macrophages and neutrophils to initiate phagocytosis and directly lysing
the cell membrane of abnormal cells through the membrane attack complex. These systems
are interwoven and complex and both the innate and adaptive arms of the immune response
can influence and regulate one another, depending on the situation, whetherthatbe

infection, inflammation or cancer.

1.1.2 Immunosurveillance and Immunoediting

Through a process of selection, cancerous cells that are naturally more susceptible to
immune-mediated cytotoxicity are eradicated earlieroninthe development of atumour
(immunosurveillance). What remainsis aclone of relatively resistant malignant cells. These
are notonlyimpervious toimmune-mediated cell death but can manipulate the tumour
microenvironment (TME) to support tumour growth, with increased levels of
immunosuppressive cytokines. These cytokinesthen pushinfiltratingimmunecells towards a
phenotype which perpetuates this process. The three stages of tumour ‘escape’ fromimmune

system control (immunoediting) are known as the ‘three E's’:
Elimination

The immunosurveillance and elimination of cell populations which are susceptibletoimmune-
mediated cell deathinvolves interferon (IFN)-y and perforin release from lymphocyte
populations. Toillustrate this simply, it has been demonstrated in in vivo models that mice
insensitiveto IFN-y are much more susceptible to the development of carcinogen-induced
tumours (5,6). Similarly, mice deficientin perforin (whichis essentialto both T cell- and NK
cell-mediated degranulation and cytotoxicity) developed tumours more readily following

injections of carcinogen (7).



Immune responses against damaged cells are triggered by the presence of moleculesin the
TME. Pathogen-associated molecular patterns (PAMPs) are molecules, such as
lipopolysaccharide (LPS) from bacterial cellmembranes, which are recognised by PRRs on
innate immune cells, including toll-like receptors (TLRs). Danger theory (6) expands this to
include molecules that are not related specifically to pathogens but ratherto dangersignals
derived from damaged or dying cells (termed danger-associated molecular patterns, DAMPs).
When cells are killed through the immune-silent process of apoptosis, cellular contents are
compartmentalised and destroyed in a controlled way that does not stimulate animmune
response. In contrast, cells that undergo necrosis have adisorganised cell death resultingin
the release of moleculesincluding fragments of deoxyribonucleicacid (DNA), ribonucleicacid
(RNA) and othercellular proteins such as reactive oxygen species (ROS). Elements of the
immune response have also been postulated to act as DAMPs, such as the T cell stimulatory
ligand CD40-L and inflammatory cytokines such as tumour necrosis factor (TNF)-a and

interleukin (IL)-1(6).
Equilibrium

If the immune system does not completely eradicatethe tumour, there may be a period of
latency (immune regulation), where clones of malignant cells (not clinically detectable) are
heldin check. This period can lastfor many years and isillustrated by case reports of
malignant disease developingin recipients of transplanted organs (8). Similarly, thereis also
evidence thatanimmune insult could contribute to relapse of cancerata laterdate, following
initial treatment. Raised serum levels of C-reactive protein (CRP) are associated with
decreased disease-free survival (DFS) and overall survival (OS) in patients who have received
treatmentforbreast cancer with curative intent (9). In contrast, a number of studies and
meta-analysis have found no link between cancerrecurrence and immunosuppressive
therapiesforunrelated auto-immune conditions (10), suggesting that the processes

controllingdormancy of quiescent cancer cells is multi-factorial.

Escape

Duringthe equilibrium phase, newclones of cells can develop due to selection pressures, with
new geneticmutations orvariants, which then subvert maintenance by the immune system.
This leads to the development of clinically detectable disease. There are anumber of
mechanisms aside from geneticinstability which can contribute to tumour escape. Recurrent

tumoursin murine models of myelomawerefound to have developed due to downregulation



of major histocompatibility complex (MHC) class-land/or co-stimulatory molecules on the
surface of tumour cells, which would be one mechanism of escaping an anti-tumour cytotoxic
T lymphocytes (CTL) response (8). In addition to the loss of moleculesinvolvedin efficient
antigen presentation, the expression of TAAs may also change overthe course of disease.
Examination of formalin-fixed paraffin-embedded (FFPE) sections of melanoma specimens

demonstrated that positivity for MART-1decreased according to the stage of disease (8).

1.2 Immune Cells

1.2.1 Natural Killer Cells

NK cells (CD3-/CD56+) and Natural Killer T(NKT) cells (CD3+/CD56+) are a vital part of the
innate immune response, acting against virally-infected cells ortumourcells and releasing
immune-stimulatory cytokines which, inturn, trigger T cell activation (11). Variable expression
of CD56 can furthercharacterise NK cells into cytotoxic (CD56°™) and cytokine-producing
(CD561e) (2,12). NKand NKT cells are activated by cytokinesincluding IL-12 (also known as
NK cell-stimulating factor) and can produce a range of both stimulatory and suppressive

cytokines, including IFN-y, TNF-a, TNF-(, IL-10and 1L-13 (12).

Unlike T cells, activation of NK cellsis not dependent on either priming by antigen recognition
or a secondary activating signal. Instead, NK cell activationis controlled by a balance of
activating andinhibitory surface receptors engaging with appropriateligands on the target cell
surface. NK cell-activating receptors include NKG2D and the natural cytotoxicity receptors
(NCRs) NKp30, NKp44 and NKp46 (13). Infected or malignant cells express ligands to these
activatingreceptors and recognition of such initiates NK cell-mediated cytotoxicity and target
celllysis (14). As well asviral proteins, NCRs recogniseligands such as B7-H6, which binds to
NKp30and has been foundto be over-expressed on malignant cells, includingin breast cancer
(15). Downregulation of these activating NK receptorsis associated with decreasedimmune-
surveillance and development of tumours (16). Activating receptors can be down-regulatedon
NK cells of patients with metastaticdisease (16,17) due to the effect of transforming growth
factor (TGF)-B or indoleamine 2,3-dioxygenase (IDO) (18). Soluble NK receptorligandsin the
TME can also competitively compete with tumour-associated ligands, furtherimpairing the
anti-tumour NK cell-mediated response (19). NKG2D ligands include MHC (also known as
human leukocyte antigen, HLA in humans) class | chain-related proteins Aand B (MICA and

MICB).



Inhibitory receptors, such as some killer-cellimmunoglobulin-like receptors (KIRs)and NKG2A,
recognise MHC class-I (MHC-1) molecules on target cells; engagement of these prevents NK
cell-mediated cytotoxicity. Thisis particularly relevantin the development of self-tolerance:
inhibitory ligands recognise self MHC-I molecules on the surface of target cellsand
cytotoxicity is prevented. Intarget cells which do not express MHC-I, the absence of an
inhibitory signalinitiates NK cell-mediated death (the concept of ‘missing-self’ (11)). Asthese
inhibitory receptors are extremely polymorphic, populations of NK cells develop which can
discriminate between awide variety of ‘self’ and ‘non-self’ targets. NK cells therefore
preferentially pursue cells which downregulate MHC-I1, presumably as a mechanism for

abrogating T cell-mediated lysis, such as virally-infected or tumour cells (20).

NK cellsemploy anumber of mechanisms by which they can exert a cytolyticeffect. Upon
activation, NK cells release cytoplasmic granules containing perforin (which perforates cell
membranes) and granzyme, a proteolyticenzyme which then triggers target cell apoptosis.
They also express lysosomal-associated membrane protein (LAMP)-1and LAMP-2 (also known
as CD107a and CD107b) on theirinnersurface (21). As the granules merge with the NK cell
membrane these molecules are expressed on the cell surface (22). They can then be used to
identify activated (degranulating) NK cells. Target cell apoptosis can also be induced through
the engagement of Fas-ligand (Fas-L, CD95-L) or TNF-related apoptosis-inducing ligand (TRAIL)
(expressed on NK cells) and target cell Fas (CD95) and TRAIL-receptor, respectively. NK cells
alsoplaya role inantibody-dependent cellular cytotoxicity (ADCC). Following the binding of
monoclonal antibodies to target cell receptors (such as rituximab to CD20), the predominant
Fc receptor (FcR) expressed by NK cells (FcyRIIlI/CD16; the others being FcyRI/CD64 and
FcyRII/CD32) binds to the Fc portion of the antibodies, triggering the release of cytolytic
granules. Cell death can, inturn, promote an adaptive response through the release of TAAs.
ADCChas beenshown to contribute to the therapeuticeffect of monoclonalantibodies such
as rituximab and trastuzumab, which binds to the human epidermal growth factor (HER) -2

receptor (23).

There are a number of waysin which malignant cells can subvert NK-mediated cytotoxicity. In
addition to NK-specificinhibitory receptors, activated NK cells can upregulate checkpoint
inhibitorsincluding programmed cell death protein-1(PD-1, CD279), cytotoxic T-lymphocyte-
associated protein-4(CTLA-4, CD152) and T-cell immunoglobulin and mucin domain
containing (TIM) -3 (section 1.5.2), which can inhibit NK cell function following engagement

with theirligands ontargettumourcells (24). As such, therapy with checkpointinhibitors,

5



which were primarily thoughtto enhance an adaptive anti-tumour T cell response, may also
enhance NK cell responses and have been shown to heighten anti-tumourresponsesin

models of melanoma (25).

1.2.2 TCells

The major classes of T cell are the T helper (T, cells (CD3+/CD4+) and cytotoxicTcells
(CD3+/CD8+, CTLs), the main effector cell of the adaptive immune response. CTLs are effective
againstintracellular pathogens such as viruses and bacteria. Cell surface T cell receptors
(TCRs) recognise antigen presented on MHC-I, whichis presenton all nucleated cells. For
MHC- |, there are 3 HLA molecules: HLA-A, HLA-B and HLA-C. T, cells recognise exogenous
antigens presented on MHC-Il molecules (MHC-1I: HLA-DR, HLA-DP, HLA-DM, HLA-DOA, HLA-
DOB and HLA-DQ), found on professional APCs such as DCs.

In additionto the engagement between the TCR and the MHC/antigen complex, another
costimulatory signal isrequired toinduce T cellsto proliferate and become effectorcells
againsta specificantigen. The most well-defined of these is engagement of the CD28
receptor, expressed onthe Tcell surface and it’sligands B7-1 (CD80) and B7-2 (CD86) on the
APC. Thereis, however, acomplex network of other co-stimulatory signals at the immune
synapse, including CD40-L, CD278 (inducible T cell co-stimulator, ICOS) and TIM-1.
Furthermore, notonlyis T cell function controlled by activating receptors, itis also governed
by inhibitory molecules (such as CTLA-4, PD-1, TIM-3 and lymphocyte-activation gene (LAG)-
3), theimmune checkpoints. Inthe case of CTLA-4, for example, T cell activation causes
upregulation of the molecule, which binds with greater affinity than CD28 to CD80 and CD86,
abrogating cellularactivity (26)(Figure 1.1).

Once T cells have been stimulated, they will proliferate into effector cells,each with
characteristicfunctions. A cohort will remain, however, as memory Tcells that can proliferate
rapidly should the same antigen be encountered in the future. These memory cells are further
differentiated into central memory T cells (T¢y) and effector memory Tcells (Teyw). Memory T
cells express CD45R0, differentiating them from naive T cells, which express the CD45RA
isoform. As T¢y cellsalso express the lymph node (LN) homing receptor C-C chemokine
receptor (CCR) 7, they are foundin LN as well as peripheral blood. In contrast, Tgy cells are
CCR7-negative and hence residein peripheral blood and tissues (27). CCR7is expressedonT
cells, regulatory T cells (Tregs) and DCs and regulates the migration of these cells to LNs where

chemokine (C-Cmotif) ligand (CCL) 19 and CCL21 are expressed. As such, expression of CCR7
6



on gastriccarcinoma cellsis associated with asignificantly higherincidence of LN metastases

and poorersurvival (28).

1.2.2.1 T Helper Cells

Naive CD4+ cells (Ty0) can differentiate into a number of effector T cells underdifferent
environmental conditions, each with specificfunctions. Forexample, underthe influence of IL-
12 and IFN-y, T,0 cells differentiateinto Ty1 cells, which in turn produce IL-2, TNF-a and IFN-y,
activating CTLs and macrophages (29). The fact that these cytokines can be more directly
cytotoxictotumour cells, contribute to DC maturation, activity of macrophagesand
proliferation of CTLs means that T,;1 responses are generally thought to be weighted towards
anti-tumourimmunity. Conversely, T,Ocells differentiate into Ty2 cells under the influence of
IL-2 and IL-4 and produce IL-4, IL-5, IL-10 and IL-13 (30). Although T,;2 cells can activate B cells
to produce antibodies, cytokinesincluding IL-10and IL-13 can exert more of an
immunosuppressive effect and favoura pro-tumour environment. Clinical studies have borne
this out, with sera or peripheral blood lymphocytes from patients with melanoma (31) and
colon cancer (32) showingelevated levels of T2 cytokines, specifically IL-4and IL-10. In
contrast, wheninfiltratingimmune cells from CRCspecimens were examined, higher Ty1gene

expression was associated with prolonged DFS (33).

IL-6 and TGF-B induce differentiationintoaT,17 phenotype. Ty17 cells produce IL-17 and are
implicated in hypersensitivity reactions, autoimmune disease and inflammation (34). The role
of this population of CD4+cellsintumourimmunology is unclear. Notably, although patients
with advanced gastriccancer have increased levels of Ty17 cellsin peripheral blood (35), the

reverse has been demonstrated in patients with ovarian cancer (36).

Under the influence of TGF-B (without IL-6), naive CD4+ T cells differentiate into Tregs which
expressthe transcription factor Forkhead box P3 (Fox-P3) (37). As the name suggests, Tregs
are involvedinthe regulation of the immune response (and pertinently, the anti-tumour
immune response) through the production of IL-10. Tregs are discussedin detail in

section 1.2.3.

1.2.2.2 Cytotoxic T Cells

Activated CTLs can kill target cells (infected cells ortumour cells) inanumberof ways. In a

mechanism similarto NK cells, CTLs kill target cells viarelease of granzyme/perforin granules



(38). In addition, CTLs can induce apoptosis of target cells through engagement of Fas-Lon the
T cell and Fas receptor of the tumourcell, triggering apoptotic pathways and cell death (39).
Activated T cells also produce cytokines which boost the immuneresponse; forexample, IFN-y

increases MHC expression on DCs (and thus further antigen presentation) (40).

The presence of cytotoxictumour-infiltrating lymphocytes (TlLs) within the TMEis associated
with an improved prognosisin many different cancersincluding CRC (41,42), breast cancer

(43) and melanoma (44).

Some viruses cause down-regulation of host cell MHC to prevent CD8+ T cell-mediated cell
death and subsequent destruction of the virus. Tumour cells employ similar mechanisms to
avoidimmune-mediated cytotoxicity by upregulating inhibitory receptors such as
programmed cell deathligand 1(PD-L1), the ligand for PD-1, in response to IFN-y produced by
activated CTLs (45). Downregulation of MHC-1 by malignant cells (and hence decreased

antigen presentation to CTLs) also contributes toimmune evasion by tumours (20).

Prolonged stimulation of the CTL population can eventuallylead to tolerance to tumour
antigens (46) with upregulation ofimmune checkpointsincluding PD-1on T cells (47),
decreased production of immune-stimulatory cytokines such as IFN-y, reduced abilityto

control tumourgrowth in vivo and diminished T cell proliferation (48).

1.2.3 Regulatory T Cells

Tregs are thought to play a majorrole inthe suppression of anti-tumourimmunity and the
subversion of Tcell responses against tumour cells (49). They can be phenotypically definedas

CD3+/CD4+/CD25"e"/CD127"°"/Fox-P3+.

Patient-derived Tregs, analysed in vitro, produce both IL-10 and TGF-B (50) and prevent the
proliferation and function (IFN-y production) of both effector CD4+ (Fox-P3-negative)and
CD8+ T cells(51,52). Immunosuppressive cytokines can themselves stimulate the
differentiation of naive Ty0cellsinto Tregsin peripheral blood. CD4+/CD25- T cells can be
inducedto differentiateinto Tregs by TGF-B and TCR stimulation (53). Inin vivo models of
melanoma, Tregs accumulated at the site of B16 melanomatumours (54). While CD8+ TlLs
demonstrated aspecificanti-tumourresponse, the CD4+TILs produced high levels of both IL-
10 and TGF-B butlow levels of IFN-y (suggesting a Treg rather thana Ty1 phenotype) (54).
Interestingly, inhibition of IL-10in tumour-bearing mice led toareductionin the proportion of
CD4+ Tregsin splenocytes and decreased tumour growth. This was associated with diminished
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TGF-B and elevated IFN-y production, suggesting afurtherrole forIL-10 (as well as TGF-B) in

the development of Tregs and the suppression of anti-tumourimmunity (54).

Elevated populations of Tregs have been noted in both the peripheral blood and TlLs of
patients with many other cancers, including gastric (51), breast cancer(55) and CRC (56). As
such, an increased proportion of Tregs has also beenlinked to poorerdisease-specificsurvival
(50,57). Antibodies against CD25 (daclizumab and basiliximab) are currently being investigated
inthe clinical setting (glioblastoma, NCT00626483 and melanoma, NCT00847106) with some

evidence thatthey can deplete Treg populations and enhance anti-tumour responses (58).

Tregs can act in a number of ways to suppress the anti-tumourimmuneresponse. CTLs and

NK cells both exert direct cytolyticeffects through secretion of granules containing perforin
and granzyme. Tregs can induce apoptosis of CD8+ effector cells through engagement of Fas,
whichis upregulated on CD4+ and CD8+ T cellsinresponse to activation by anti-CD3 antibody
and IL-2 (59). Interestingly, upregulation of Fas-Lexpression is proportionately higher on Tregs
from cancer patients, prompting the suggestion that Tregs can mediate apoptosis of tumour-
specificCTLs (59). Inaddition, Tregs have an adverse effect on DC function. Notonly can Tregs
can downregulate CD80/CD86 on DCs, thereby inhibiting DC-mediated stimulation of Tcells
(60) but engagement of CTLA-4on Tregs with CD80/CD86 expressed on DCs can also suppress
the function of these APCs (60).

1.2.4 vyéT Cells

On average, yoT cells (CD3+/ySTCR+) constitute up to 10 % of the CD3+ T cell population.
Unlike CD4+ and CD8+ T cells, the TCR of y&T cellsisformed of one y and one 6 chain, rather
than the a and 8 chains which make up the TCR of otherT cell subsets. As they are activated
independently of MHC molecules, they produce arapid (non-specific) immune response, more
similarto that of innate effector cells (61). As with the differentiation of CD4+ T helpercells,
v&T cells can also show a degree of plasticity in their functional capacity, actingin both

immune-stimulatory and regulatory ways (62).

Although theiractivationislargely independent of MHC, y&T cells actually have the capacity to
be professional APCs: upregulating MHC-linresponse to antigen stimulation,enhancing
proliferation of effector CD8+ T cells and cytotoxicity of antigen-specifictarget tumourcells in
vitro (63). Similarantigen-priming has also been observed by stimulation of CD4+ cells with

v&T cells, enhancing their differentiation intoaTy1 phenotype (64). y6T cells also exhibit
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direct cytotoxiceffects when expressing CD56. These CD56+ y6T cells have cytotoxicactivity
againsttumourcells ex vivo:increased expression of CD107a suggests that cell deathis
mediated by perforin and granzyme release (65). Finally, in another mechanism similarto NK

cells, y6Tcells have ADCC capability (66).

Contrary to these immune-stimulatory effects, y&T cells also exert regulatory, or
immunosuppressive, properties. yoT cells stimulated with monoclonal antibody against the
OTCR can be induced to express the transcription factor Fox-P3as well as CD25 (a similar
phenotype to ‘classical’ Tregs) (67). Furthermore, theseregulatory y6T cells produce TGF-3

and suppress T cell proliferation (67).

1.2.5 Dendritic Cells

DCs are a population of bone marrow progenitor-derived cells which can be broadly classified
as eithermyeloid DCs (mDCs, also known as conventional/classical DCs, cDCs) or plasmacytoid
DCs (pDCs). While pDCs produce high levels of type |l interferons (IFN-aand -B) in response to
activation of TLR-7 and TLR-9 (68) by PAMPs, they are very much inthe minority, constituting
lessthan 0.5 % of all peripheral blood mononuclear cells (PBMCs). Although pDCs can present
antigentoT cells (asthey express MHC-Il and co-stimulatory molecules such as CD80/86 upon

activation), they are much less potentthan mDCs. Unlike mDCs, they do not express CD11c.

Although asmall proportion of circulating PBMCs, pDCs have shown a role in priming both an
innate and adaptive immune response. Through production of type 1IFNs, pDCs can stimulate
activation of NK cells (68). Similarly, IFN production from pDCs can initiate differentiation of B
cellsinto plasma cells and production of specificantibodies following stimulation with
influenza (69). Despite mDCs being the more effective APC, pDCs are capable of antigen cross-
presentation (presentation of exogenous peptides to CD8+cells on MHC-I through the
phagocytosis of peptide antigens), triggering an IFN-y response from antigen specificCD8+ T
cells (70). Conversely, pDCs caninitiate the differentiation of naive CD4+T cells to IL-10-

producing Tregs (71).

mDCs are essential tothe development of an antigen-specificadaptive immune response.
They classically present endogenous antigens on MHC-1to CD8+ T cells and exogenous
antigens on MHC-Ilto CD4+ T cells. Recognition of antigen on MHC molecules by TCRs initiate
antigen-specific T cell activation and proliferationin the presence of a co-stimulatory signal

(such as binding of CD28 onthe T cell to CD80/86 on the APC). mDCs commonly express TLRs
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2-6 and 8, plus CD11c (3) and can produce cytokinessuch asIL-12 upon activation. Although
exposure and processing of antigens can take place in peripheral blood, tissue or tumour,
upregulation of the chemokine receptor CCR7 on activated mDCs initiates their migration to
LNs expressingthe CCR7ligands CCL19 and CCL21 (72). Itisinthe LNsthat DCs encounterand

prime naive T cells.

In the same way that pDCs can influence the differentiation of naive T cells, mDCs can also
direct polarisation of Tcells. Activation of Tcellsis dependent on three signals from DCs: (i)
engagement of MHC-antigen complex with the TCR; (ii) an additional co-stimulatory signaland
(iii) the production of cytokines. Release of cytokines from DCs is modulated by stimulation
through differentsignals: forexample, interaction of 0X400n the T cell (also known as CD134,
a memberof the TNF family) withits ligand OX40-L, another co-stimulatory signal, stimulates
T42 differentiation (73). Upon activation of specific TLRs by pathogens, DCs will express
variousimmunomodulatory cytokines which, inturn, exert effects on T cells. Activation of
TLR-4 on human DCs in vitro, for example, has been demonstrated toinitiate rel ease of
interferon-y-induced protein-10(IP-10, also known as CXCL-10) favouring T, 1 differentiation,

whereas TLR-2 stimulation provokes release of IL-12p40 and T2 differentiation (74).

In summary, DCs act to bridge elements of both the innate and adaptive immune system and
are themselvesinfluenced by theirenvironmentin how they are activated and how they, in

turn, affect the primingand differentiation of naive T cells.

1.2.6 Monocytes and Macrophages

Aside fromthe phagocytosis of pathogens, macrophages can act as APCs and produce a range
of immune-modulatory cytokines. Mature macrophages differentiate from monocytes under
the influence of macrophage-colony stimulating factor (M-CSF) and are residentin tissue and
tumoursites. Monocytes can also differentiate into mDCs when stimulated in vitro by IL-4 and
granulocyte macrophage-colony stimulating factor (GM-CSF). Usually identified by their
expression of CD14, monocytes can also differentially express CD16: ‘classical’ monocytes
highly express CD14, whereas the othersubset of monocytes express proportionately lower
CD14 but also CD16. These CD14+CD16+ monocytes (constituting 15-20 % of the monocyte
population) also express high level MHC-II but exhibit decreased phagocytic potential than
CD16- monocytes (75) and therefore are similar phenotypically to tissue-resident

macrophages (TRMs) (76). TRMs maintain tissue homeostasis and so differentiate and
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functionina plethora of ways dependent onthe tissues theyreside in: these i nclude Kupffer

cells (liver), alveolar macrophages (lung) and Langerhans cells (skin).

Chemotaxis of classical monocytes to the tumourenvironmentis controlled by CCR2 and its
ligand CCL2, also known as monocyte chemoattractant protein (MCP)-1, whichis over-

expressedinvarious malignancies and is associated with inflammation (77).

Similarto DCs, activation of classical monocytes though TLRs, forexample TLR-4, stimulatesan
effectorimmune response. As IFN-y and IL-2 upregulate monocyte expression of TLR-4, this

illustrates the role of classical monocytesinthe hostresponse to bacterial pathogens (78,79).

As with othercell types, variationsin the immune environment caninitiate differentiation of
macrophagesinto cells with different functional capabilities. Ergo, IFN -y can polarise
macrophagesintothe Ty1-like ‘M1’ phenotype, producing IFN-y, TNF, IL-12and IL-2. In
contrast, cytokinessuch as IL-4, IL-10 and IL-13, produced inthe TME (80), facilitate
differentiation into the ‘M2’ phenotype, which are not only poor APCs but have similar
propertiesto Ty2 cells and produce cytokines such as IL-4 and IL-10 (81). Tumour-associated
macrophages (TAMs, which exhibit the M2 phenotype) produce cytokines which potentiate
the ‘pro-tumourigenic’ environment, such as CCL22, which induces Treg migrationinto

tumour in vivo (57).

Moreover, M2 TAMs can stimulate angiogenesis inthe TME, further supporting tumour
growth and survival by contributing to the ‘angiogenicswitch’ which initiates vascular
developmentin hypoxictumours. Thisis associated with the production of pro-angiogenic
factors such as IL-8 (also known as neutrophil chemotacticfactor or CXCL-8) (82) and vascular
endothelial growth factor (VEGF) (83). As such, increased TAM infiltrationis associated with
increased tumour neo-vascularisation. Other mechanisms by which TAMs encourage tumour
growth and progressioninclude expression of PD-L1, the engagement of whichby PD-1on T

cellsinhibits adaptive immuneresponses against tumour antigens (84).

High TAM infiltration is poorly prognosticand/orassociated with distant metastasisin a
variety of tumours, including bladder (85,86), gastric(86) and ovarian cancers (86).
Interestingly, anincreased macrophage populationinthe TME of patients with prostate
cancer (87) and CRC (86) is associated with animproved prognosis, although this may be
skewed by the phenotype of infiltrating cells being predominately M1. This further highlights
the complexities of the immune milieu in the TME, which determines the phenotype of TAMs

and theirclinical effect.
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1.2.7 Myeloid-Derived Suppressor Cells

Myeloid-derived suppressor cells (MDSCs) are a heterogenous population of immature cells of
myeloid lineage which are increased in states of infection, inflammation and cancer where
they exertanimmunosuppressive effect on anti-tumourimmune responses. MDSCs express
the myeloid markers CD11b and CD33 but are negative forlineage markersincluding CD3,
CD4, CD19 and CD56, in additionto HLA-DR. Differentiation of this population of
immunosuppressive cellsisin responseto various cytokines and chemokines, including GM-
CSF (88), IL-13 (89), IL-10 and TGF-f (90) and they are recruited into tumoursites by
chemokines such as CCR2 (91). MDSCs have been associated with poorerprognosisina
number of different malignancies, likely due to their suppressive effects on the anti-tumour

response (92).

MDSCs can exertan immunosuppressive action through the interruption of IFN signalling
pathways (section 1.3.1.1) and responsiveness of immunecells to Ty1 signalling by nitricoxide
(NO), asdemonstrated in murine in vivo melanoma models (93). They can also, through
production of IL-10 and TGF-pB, induce the differentiation of Tregsinthe TME and, as such,
ongoingimmunosuppression at the tumoursite. Inaddition to suppressing T cell activation
and proliferationinresponse to peptideantigens (94), there is also evidence that the
production of ROS and NO by MDSCs can affect the integrity of TCR-MHC complexesinvolved
inT cell priming (95).

Antibody-depletion of the MDSC population enhances both innate and adaptiveimmune
responsesin murine models of lung cancer (92). Furthermore, chemotherapeuticagents, such
as gemcitabine and 5-fluorouracil (5-FU), can exertimmunomodulatory effects by decreasing

the number of MDSCs in situ (96,97).

1.2.8 Neutrophils

As an important part of the innate immune response, neutrophils (CD15+/CD16+) react
rapidly to bacterial pathogens, migratingto areas of inflammation in responseto chemokines
such as IL.-8 and CXCL-2(98). They constitute approximately 70 % of circulating white blood
cells (WBCs) and with basophils and eosinophils form the granulocyte population of WBCs.

Basophils and eosinophils are involved in allergicreactions and host defence against parasites.
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One of the main functions of the neutrophil is to engulf microbes, bacteriaand other
extracellular pathogens through phagocytosis: PRRs on the surface of the cell recognise
PAMPs or antibodies bound directly to the pathogen. Such pathogens are then engulfed by
the neutrophil andincorporatedintothe cell asaphagosome (98). The contents of the
phagosome can then be destroyed by merging with enzyme-containing lysosomes within the
cell or by the production of ROS (98). Neutrophils can also function through degranulation and
through neutrophil extracellulartraps (NETs): extracellular networks of DNA which can bind to

trap pathogensand contain anti-microbial molecules such as proteolyticenzymes.

In the same way thatthe TME can manipulate the phenotype of TAMs, tumour-associated
neutrophils (TANs) exhibit pro-tumour characteristics (99). TGF-B blockade in in vivo models of
mesotheliomaincreased infiltration of neutrophilsinto the TME, with associated ROS-
mediated tumour cell cytotoxicity (100). Interestingly, depletion of neutrophilsin the absence
of TGF-B blockade also enhanced CD8+T cell activation, suggesting different phenotypes of
neutrophilsinthe TME: ‘N1’ (anti-tumour) TANs, in the absence of TGF-Band ‘N2’ (pro-
tumour) TANs, in the presence of TGF-B (100). Assessment of the peripheral blood of patients
with melanoma reveals thatanincreasing neutrophil count corresponds with stage of disease.
These neutrophils inhibit proliferation of melanoma-antigen specificCD8+T cells through IL-
10 production (101). The ‘N2’ phenotype is associated with the progression of liver

metastasesin mouse models of breast cancer (102).

The role of neutrophilsin CRCis discussedin furtherdetail in section 4.1.6.2.

1.2.9 B Cells

B cells (CD19+) form the cornerstone of the humoural adaptive immuneresponse and, as
such, there is growing recognition of - and investigation into - theirrole in anti-tumour
immunity. Following binding of antigen to the B cell receptor, internalisation and processing
leadstoits presentation on MHCclass Il molecules, which initiates animmune responseina
number of ways. Firstly, engagement of the MHC-1l complex by TCR and co-stimulatory signals
initiates antigen-specific T cell proliferation and activation. Secondary, stimulatory signalling
by production of cytokines, such asIL-4, from the T cell initiates differentiation of the B cell
into a mature plasmacell, capable of producing antigen-specificantibodies. In addition,
secretion of cytokines such as IFN-y, TNF-q, IL-2and IL-12 continue to perpetuate animmune

response though mechanisms such as further differentiation of T,;1 cells. Once tumourcells
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are opsonised by antibody (bound to specificsurface antigens), death can be mediated

through either phagocytosis or ADCC.

Effectorfunctions of Bcells may also differas a consequence of alternative stimulation. Bcells
co-cultured with Ty1cells, forexample, produce higherlevels of IFN-y and IL-2, whereas those
cultured with T2 cells produce greaterlevels of IL-2, IL-6and IL-10 (103). Thus, in a similar
fashionto otherimmune cells (Thelpercells, neutrophils, macrophages), B cells can exhibit
both pro- and anti-tumourigenic properties. Given that tumour-specificantibodies can be
detectedinthe blood of cancer patients (104), suppressive mechanisms mustalso exist, in
that the presence of such antibodies does notresultin spontaneous tumourrejection (or
prevention of tumour development). Tumourinoculation of breast cancer cells in vivo has
beenshowntoinitiate ahumoural response with increased antibodyproduction (105).
Despite this, the presence of Bcellsinhibited T cell-mediated anti-tumour responses. One
possible explanation may be increased competition between B cellsand APCs, whichis
abrogatedina B cell-depleted environment, where anti-tumour responses wererestored

(105).

Co-culturinghuman Bcellsand CD4+ T cells ex vivo has demonstrated that B cells caninduce
the differentiation and expansion of a potently immunosuppressive Treg population (106).
There isalso data supporting aregulatory Bcell phenotype, which suppress IFN -y production
(and hence T cell responses to antigen) through the production of IL-10 (107). As such, B cell

depletionin murine models of melanoma enhanced tumour-antigen-specific T cell responses

(107).

1.3 Cytokines and Chemokines

Cytokinesare proteins secreted by cells which are involved in all aspects of biological function,
including cell-to-cell communication, immune activation and inhibition. They can be broadly
divided into pro-inflammatory and suppressive cytokines. Other categories also exist:
interleukins, involved in cellular interactions between leucocytes; haematopoietic cytokines,
involvedinblood cellformation (e.g. GM-CSF, G-CSF) and those cytokines involved in humoral
immunity, such as IL-4. For the purposes of this thesis, only the following examples have been

discussedin specificdetail.
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1.3.1 Pro-Inflammatory Cytokines

1.3.1.1 Interferons

IFNs are broadly categorisedintothree groups: type | (including IFN-a and IFN-), type Il (IFN-
v) and type lll (the IFN-A family, including IL-28 and 1L-29). They exert theirindividual functions

throughreceptive IFN-stimulated genes (ISGs).

IFN productionis stimulated by the engagement of PRRs (such as TLRs) with PAMPs from
viruses (and other pathogens). TLR-7and -8, forexample, recognise PAMPs from RNA viruses
such as vesicular stomatitis virus (VSV) and influenza, whereas TLR-9recognises DNA viruses
such as herpessimplexvirus (HSV). TLR-4initiates production of type | IFNs following

activation by the LPS from bacterial membranes (108).

Type | IFNs are predominantly - but not exclusively - released as part of an anti-viral response
by lymphocytesincluding T cells and NK cells. Immune cells produce both IFN-a and -B, while
othercellssuch as fibroblasts and epithelial cells produce IFN-B. These bind tothe type | IFN
cell-surface receptor, which engages with a part of the intracellularJanus Kinase-Signal
Transducerand Activator of Transcription (JAK-STAT) pathway (109). Subsequent
phosphorylation and activation of the JAK-STAT pathway initiates transcription of ISGs (110).
As well asrelease of IFN-y (the actions of which are discussed below), the transcription of
these ISGs resultsin proteins that can inhibit various stages of viral entry, cellinfection and
replication. ISGs also stimulateanimmune response by increasing the ability of APCs to prime
adaptive immune responses through increased expression of MHC molecules (111), activation
of NK cells, stimulation of antibodyproduction by B cells (112) and upregulation of apoptosis-

inducing molecules such as TRAIL (section 1.3.1.2) (113).

Viruses can manipulate type | IFN signalling pathways to subvert the anti-viral effects of IFNs:
hepatitis Cvirus, whichisimplicated in the pathogenesis of hepatocellular carcinoma (HCC),

can inhibitJAK-STAT signalling (114).

IFN-y is secreted by NK cells, macrophages, APCs and Tcells. Binding of IFN-y toits receptor
induces interaction with intracellular JAK1and JAK2 (109). Hence, italsoinducesintracellular
signalling of the JAK-STAT pathway and ISG transcription. In contrast to the production of type
I IFNs, IFN-y production fromimmunecells can be stimulated by IL-12 (secreted by
macrophagesin response to pathogens), IFN-a (as discussed above) and IL-18 (also known as

IFN-y inducing factor), secreted by monocytes and macrophages (115-117). Secretion of IFN-y
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isinhibited by cytokines such as TGF-f3 and IL-4 (118). The functions of IFN-y are incredibly
wide andvarious butinclude upregulation of MHC molecules to enhance antigen presentation
(111), activating monocyte and macrophage activity against pathogens (79) and perpetuating
a Tyl response by activating NK cellsand T cells (including through the upregulation of APC co-
stimulatory molecules such as CD80 and CD86 (119)).

In malignant disease, IFNs exert multiple anti-tumour effects though similar pathways:
upregulation of TRAILand Fas by IFNs can contribute to cancer cell apoptosis (113,120).
Similarly, the effects of type | IFNs on the inhibition of cell proliferation and cell cycle stasis
has been demonstrated in prostate cancer cell lines (121) and melanoma (122). In the TME
IFNs can induce polarisation of macrophagesinto an ‘anti-tumour’ phenotype (section 1.2.6).
Type | IFNs have also been showntoincrease the expression of TAAs (123) and maintain T cell
populations (124), contributing to the priming of an adaptive anti-tumour response. Of note,
while IFNs generally create animmune-stimulatory environment, this leads to the
upregulation of checkpoint molecules such as CTLA-4 and PD-1/PD-L1 which can down-

regulate immune responses (125).

Because of theirimmune-stimulatory properties, IFNs have been usedin cancer
immunotherapy, particularly inimmunogenic malignancies such as renal cell carcinoma (RCC)
(126) and melanoma (127,128) buttheiruse has declinedinrecentyearsduetoa
combination of poor toxicity profile and newerimmunotherapy agents (such as the

checkpointinhibitors)which offeranincreased chance of response and improved outcomes.

1.3.1.2 TNF-Related Apoptosis-Inducing Ligand

TRAILisa member of the TNFfamily which caninitiate apoptosis of tumour cells through
engagementwith death receptors (DR) 4 (also known as TRAIL-receptor 1, TRAIL-R1) and DR5
(TRAIL-R2) (129). TRAIL is produced by T cells, NK cells, monocytes and DCs. As expected, the
higherlevels of DR4/5 observedin neoplasticcells (compared to normal epithelial cells)
correspond to greatertarget cell apoptosis (130) and reduced tumour growth inin vivo

murine models of breast cancer (129).

Although TRAILis expressed constitutively on arange of normal tissues, immune cells may
only express low levels of the molecule. Upregulation of TRAILby IL-2 and IL-15 increases NK
cell-mediated apoptosis of L929 fibrosarcoma cells in vivo (131). Stimulation of monocytes by

IFN-y and IFN-a can enhance TRAIL-mediated apoptosis of arange of malignantcell lines,
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including ovarian, colorectal and prostate carcinoma cells through a similar mechanism (132).

CD4+ T cells can also exert an apoptoticeffect on melanomacell lines through TRAIL (133).

TRAIL-mediated apoptosis of tumour cells can also be augmented in in vivo models of breast
cancer by pre-treatment with chemotherapeuticagentsincluding paclitaxel, vincristine,
vinblastine, etoposide and doxorubicin which up-regulate DR4/5 death receptors (134).
Similarly, CPT-11(irinotecan) can increase TRAIL-mediated apoptosis of colorectal tumour

cellsthrough the same mechanism (135).

Although cell death can be initiated through interaction between TRAILand DR4/DR5, the
otherTRAIL receptors, TRAIL-R3and TRAIL-R4 (also known as DcR1 and DcR2, respectively),
appearto inhibitthe apoptoticeffect of TRAIL, possibly through competitive binding of the
ligand. As such, expression of TRAIL-R3 confers protection against TRAIL-mediated apoptosis

of tumourcelllines (136).

Due to an apparent ability to preferentially target tumour cells for apoptosis, TRAIL-based
therapeuticagentswould be attractive. Although arange of phase | and Il trials have been
completed, (including those of mapatumumab, amonoclonal antibody to TRAIL-R1(137,138)),
such therapy has not yet progressed to routine clinical use due to a paucity of patient

responses.

1.3.2 Immunosuppressive Cytokines

1.3.2.1 Transforming Growth Factor-B

TGF-B isan immune regulatory cytokine produced by a wide range of cellsinresponse to
stimulation by signals including mitogen-activated protein kinases (MAPK) pathway activation
and cytokines such as TNF-a and TGF- itself. Signal transduction through intracellular
signalling pathways leads to TGF-P target gene transcriptionin the nucleus, controlling
multiple different regulatory celland immune responses, cell proliferation, differentiation and
apoptosis, amongst others (139). TGF-B is usually associated with inhibition of cell
proliferation, forexample throughinhibition of cell cycle progression through G1by the
production of proteins which block this process (reviewed in (140)). However, this mechanism
seemsdisrupted in malignant disease. Levels of TGF-B are elevated in the serum of patients
with cancer (141,142) and resistance to TGF-B-mediated cell death may be due to a number of
mechanisms, including downregulation of TGF-f receptors (143). Thus, the anti-tumour

effects of TGF- may be outweighed by resistance mechanismsin the TME and the other
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effectsthat TGF-B has in encouragingthe epithelial-mesenchymal transition process, tumour

invasion and metastases (144).

In contrast, TGF-B has many effects on the function ofimmune cells which ultimately may
favourtumour growth. In vitro cultures with exogenous TGF-B inhibit NK cell proliferation and
production of both IFN-y and TNF-a (145). It can also downregulate activating NK cell surface
receptors (146,147) and affectthe mobility of DCs to the LN, both increasing the chance of
metastatic LN spread but alsoimpeding antigen presentation (and T cell expansion) (148). It
also stimulates differentiation of immune cells from ‘anti-tumour’ to ‘pro-tumour’
phenotypes, such as macrophages from M1 to M2 (section 1.2.6) and neutrophilsfromN1to

N2 (section 1.2.8) (81,100).

Some of the effects of TGF-Bon T cell functionality is mediated though it’s inhibitory effects
on cytokinessuchasIL-2(139). It is alsoimplicated in the impairment of effectormemory T
cell function: memory T cells from patients with melanomare -stimulated ex vivo with antigen
producedsignificantly loweramounts of IFN-y than those culturedin the absence of TGF-
(149). As such, in vivo models of prostate cancer using TGF-B-resistant CD8+T cells
demonstrated reduced tumour growth and angiogenesis (150). Furthermore, TGF-B is
responsible forinhibiting T,1 differentiation of CD4+ naive T cells and stimulating
differentiation of this population into Tregs. Clinical trials of anti-TGF- antibodies and small

molecules are ongoingand seemto have tolerablesafety profilesin early-phase trials (151).

1.3.2.2 Interleukin-10

IL-10 is produced by cellsincluding Tregs, T,2T cells, monocytes, B cellsand NK cells. Much
like the IFNs, binding of IL-10 to its receptors (expressed on most cells) induces intracellular

signalling through the JAK-STAT pathway and transcription of IL-10-dependent genes.

The exact mechanisms through which each cell type are stimulated to produce IL-10are
complex and notclearly delineated but caninvolve PRRs (such as TLRs) being activated by
extracellularsignals which are transduced into intracellular signalling, such as MAPK activation
(152). IL-10 productionis upregulatedin response to inhibitory signals. As such, PD-1
expression on monocytes increases during chronichuman immunodeficiency virus (HIV)
infectionand interaction between PD-1and PD-L1stimulates IL-10 production (153). The
production of IL-10 consequently inhibits the proliferation and cytokine production (IFN-y and

IL-2) by CD4+ cells (153).
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IL-10 is a potent modulator of antigen presentation and exerts many effects through DCs, such
as inhibiting their production/maturation (154) or decreasing the potential of
monocytes/macrophages as efficient APCs (155). Additionally, IL-10downregulates the
expression of the B7 co-stimulatory molecules on APCs (156) and MHC class Il on APCs,
hamperingthe efficient presentation of antigen and abrogating proliferation of Tcellsin
response to antigen stimulation (157). Consequently, blocking IL-10signalling with anti-IL-10-
antibody inin vivo murine models of cervical cancer decreases tumour growth (158). IL-10
also mediates the differentiation of T,,2cells and inhibits cytokines such asIL-2, IL-12 and IFN-

v and inflammatory cytokines such as TNF-a (159).

Unsurprisingly, higher IL-10 concentrations have been associated with poor prognosisin
cancer. Levels of IL-10in serum have been detected at elevated levels in patients undergoing
surgery for CRC and were associated with higher stage and predicted recurrence rates
following surgery (160). Similarly, pre-treatment quantities of IL-10were lowerin melanoma
patientswho wentonto have a good response to therapy with B-rapidly-accelerated

fibrosarcoma (BRAF) inhibitors (BRAFi) (161).

1.3.3 Chemokines

Chemokines are a subgroups of cytokines involved in chemotaxis: movement of specificcells
towards an intended target, including migration of immune cells and the metastasis/invasion
of tumourcells (reviewed in (162)). Regulated on activation, normal T cell expressed and
secreted (RANTES, CCL5), forexample, is achemoattractant for T cells expressing the CCR5
ligand. Consequently, it has beenfound at higherlevelsin melanomatumoursinfiltrated by T
cells (163). IL-8 (CXCL-8) is a neutrophil chemotacticfactor whereas IP-10(CXCL-10) and
monokine induced by gamma-interferon (MIG, CXCL-9) both attract monocytes. The receptor
for both IP-10 and MIG, CXCR3, isexpressed on Tcellsandis responsible forthe chemokine-

mediated migration of immune cellsinto TMEs where IP-10and MIG are secreted (164).

MIG also exerts angiostatic properties and, as such, treatment with MIG has been shown to
attenuate non-smallcell lung cancer (NSCLC) tumour growth in vivo (165). Lower expression
of IP-10is associated with poorer prognosisin stage Iland 11l CRC (166). Despite this,
upregulation of IP-10in CRC cell lines enhances factors associated with metastasis and
invasion, such as matrix metalloproteinase (MMP) expression, which degrades the

extracellular matrix and allows cell migration (165).
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1.4 Inflammation in Cancer

Inflammationis the normal physiological process used to fightinfection and other biological
insults or pathogens. It primarily involves the mobilisation of phagocyticimmune cells
(neutrophils and macrophages) through production of chemokines/cytokines, acute phase
proteins such as CRP, complementand coagulation factors, such as fibrinogen, to sites of
injury. Inflammationis generally a positive responseto aninsult:indeed, the biological
processesinvolvedinacute inflammation have been exploited in the management of early
cancers, such as inthe use of intravesical Bacillus Calmette-Guérin (BCG) for the management
of superficial bladdertumours. There is, however, an overlap between this normal
physiological response and many of the factors that can contribute to tumourigenesis. In fact,
inflammation is known to be associated with the development of tumours andis considered
to be one of the hallmarks of cancer (1). The link between inflammatory bowel disease and
CRC, Helicobacter pyloriinfection and gastriccancer, viral hepatitis and HCCand smoking and
lung cancer allillustrate the relationship between chronicinflammation and tumourigenesis.
Inflammation and cancer are linked in many complex ways but there are two pathways which
broadly delineate this association. Firstly, genetic mutations lead to the development of
malignantcells, which,inturn, produce cytokines and other molecules creating an
inflammatory environment (intrinsic pathway). Secondly, an underlying inflammatory
conditioninduces oncogenesis and the development of tumours (extrinsic pathway) (167).
Illustrating this concept, the induction of pancreatitis can lead to the development of
pancreaticductal carcinoma in mice bearing mutationsin the Rat Sarcoma proto-oncogene
KRAS (168). Mutationsin the ‘rearranged during transfection’ (RET) oncogene, whichis
associated with the development of thyroid cancers, can induce a pro-inflammatory
environment. Expression of RET in normal thyroid cells upregulates the expression of genes
encoding awide variety of inflammatory mediatorsincluding the cytokines IL-1and GM-CSF
and the immune cell chemokines CXCL-10and CXCL-12. Additionally, factors associated with

tumour metastases, such as MMPs, were also upregulated (169).

The production of chemokines and cytokines, plus activation of certain transcription factors,
eitherasthe result of inflammatory disease or oncogenesis, contribute further to tumour cell
development, proliferation and survival. Asan example, IL-1a and IL-1B, key pro-inflammatory
cytokines, have been shown to play an essential role in tumour metastases and neo-
vascularisationin mouse models of melanoma (170). Anotherinflammatory cytokine, IL-6,

which can stimulate the production of neutrophilsinresponsetoinfection, supports tumour
21



cell growth and proliferation through activation of STAT3 (171). Production of IL-6 in this
model of lung cancer is also upregulated by mutations in the epithelial growth factor receptor

(EGFR) (171).

The presence of pro-inflammatory mediators can also contribute to the accumulation of
geneticmutations which canincrease the predilection for malignant transformation. ROS and
NO released by TILs can cause DNA damage and inhibit the activity of the tumour suppressor

gene p53, which has aroleinthe repairof DNA damage (167).

The interplay between each of these factors: activation of transcription factors which enhance
cell proliferation,increased chromosomalinstability and geneticdamage, immunecell
infiltration and possible underlying mutationsin oncogenes culminate in astrongly pro-
tumourgenicenvironment through manipulation of the normal biological processes involved

ininflammation.

1.5 Immune Effects of Anti-Cancer Therapy

Systemicanti-cancertherapy (SACT) can generate an anti-tumourimmuneresponseina
number of ways, most simply by initiating tumour cell death and release of TAAs which has
the potential to prime an adaptive immune response. However, there are other mechanisms
through which SACT can directly and indirectly modulatethe immunesystem, dependentona
number of factors including the type of therapeutic agent, tumourtype and baseline immune
functionality of the patient. Conversely, treatment-mediated tumour cell death, although
leadingto antigen release, subsequently generates aclone of tumour cells resistant to therapy

and which have the potential to metastasise.
1.5.1 Chemotherapy

Although established dogma states that traditional cytotoxicchemotherapy regimens are
immunosuppressive, itis becoming more obvious that these chemotherapy drugs can actually
contribute to an anti-tumourresponse, ratherthan tumourtolerance. Therefore, in addition
to specifically targeting the tumouritself, there is more of an appreciation that the immune

effect of cytotoxicchemotherapy can be exploited for further clinical benefit.
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1.5.1.1 Taxanes (Paclitaxel and Docetaxel)

Taxanes are anti-microtubular agents originally derived fromthe yew tree. They exert an anti-
cancer effect by preventing cell division through their effect on microtubules, which forman
integral part of the cell cytoskeleton. Docetaxeltherapy can decrease the proportion of Tregs
in peripheral blood of patients receiving treatment for metastatic castrate -resistant prostate
cancer (172) withoutany significantchange in eitherthe total number of PBMCs or the CD4+
population. Similar results are seenin patients receiving docetaxel for metastatic breast

cancer and those receiving cisplatinand vinorelbine for NSCLCin the adjuvant setting (172).

Taxanes have been shown to change the cytokine profilein patients receiving treatment for
breast cancer. Comparedto healthy controls, levels of IL-2, IFN-y and GM-CSF are reducedin
patients priorto chemotherapy, whereaslevels of TNF-a and IL-6 were elevated (173).
Treatment with either paclitaxel or docetaxel reversed these findings and was associated with
bothan increase in NK cell-mediated cytotoxicity against targettumourcellsand enhanced T
cell proliferation (173). Additionally, cytolyticactivity of immune cells, including macrophages,

againsttumoursis enhanced following treatment with paclitaxel (174,175).

1.5.1.2 5-Fluorouracil

The anti-metabolite 5-FUinhibits the enzyme thymidilate synthase (TS), whichisinvolvedin
DNA synthesis. Whiletaxanes can modulate the immune response by depleting Tregs, 5-FU
has been shown to diminish populations of MDSCs in vivo (96), without affecting other
immune cell populations. This may be mediated by low expression of TS by MDSCs; sensitivity
of tumourcellsto 5-FU has been shown previously to be related to TS expression (176,177).
Depletion of these immunosuppressive cells leads to subsequent enhancement of CD8+ T cell -
modulated anti-tumourimmune responses (96). Both 5-FU and irinotecan (CPT-11, which
disrupts DNA replication through the inhibition of the topoisomerase enzymes), also mediate

the death of CRC cell lines in vitro by enhancing CTL-mediated tumour cell lysis (178).

Patients with oesophageal cancer have been found to have greater infiltration of immune
effectorcellsintothe TME afterreceiving neoadjuvant chemotherapy (179). Treatment with
pre-operative 5-FU (and cisplatin) was associated with more CD4+ cells in the tumour bed and
CD8+ cellsinadjacent stroma. This was not associated with aconcomitantincrease in Tregs
(179). Infiltration of these immune cells in both the tumour mass and tumour stoma have

been associated with improved prognosis (180).
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1.5.1.3 Cyclophosphamide

Cyclophosphamide is an alkylating agent, which causes DNA damage by cross-linking DNA
strands and preventing DNA replication. It can deplete Tregs (independent of the total CD4+
population) and slow the progression of murine colon cancertumours in vivo (181). This effect
is mirroredin patients with advanced cancer, who are shown to have higher numbers of
circulating Tregs compared to healthy volunteers. Low dose cyclophosphamide reduces the
number of circulating Tregs, without affecting otherimmune-cell subsets; thisis associated
with an increase in both NK cell-mediated tumour cell lysisand T cell proliferation ex vivo
(182). Aside froma reduction inthe number of Tregs, thought to be attributable toincreased
apoptosis of cellsinduced by the drug (183), cyclophosphamide can alsoreverse Treg-
mediated suppression of CD8+ and CD4+CD25- T cell proliferation (183). Unfortunately, this
effecthasnotbeenborne outin early phase trials of cyclophosphamide given in combination
with an oncolyticvirus: populations of Tregs were not modified with combination therapy and

there was no suppressionin levels of anti-viral titres (184).

1.5.1.4 Anthracyclines

Anthracyclines such as doxorubicin and epirubicin exert anti-cancer effects through a range of
mechanisms, including cross-linking of DNA strands (like alkylating agents), generation of ROS
that damage DNA, proteins and cell membranes and activation of p53. Doxorubicin has long
been known to have immunomodulatory effects. It has been observed in vivo that splenocytes
treated with doxorubicin have greater cytotoxicity against target tumour cell lines compared
to untreated splenocytes (185). Similarly, PBMCs from patients treated with doxorubicin
exhibit enhanced cytotoxicity against tumourtargets, whichis likely mediated by increased IL-
2 and greater numbers of CD8+ T cells (186). Doxorubicin can also activate TLR-3, initiatinga
type | interferon response similarto the anti-viral response, to stimulate the production of IP-

10 (187).

1.5.1.5 Gemcitabine

Gemcitabine causes tumourcell death by beingincorporatedinto DNA, preventing cell
replication and division. As well as having the potential to diminish populations of
immunosuppressive MDSCs like 5-FU (97), gemcitabine can have differential effects on various
elements of the immune system. Whilst in vivo treatment with gemcitabine caused the

expected depletion of both lymphocyte and B cell populations, Tcell responses to TAAs were
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enhanced by therapy (188). Conversely, B cell-mediated antibody production was abrogated
(188).

1.5.2 Checkpoint Inhibitors

In addition to stimulatory signals such as engagement of CD80/CD86, there are a wide variety
of inhibitory ‘checkpoint’ molecules which act at the immunological synapse toregulate
immune responses against TAAs. These includethe immune checkpoints CTLA-4 (which binds
to CD80/CD86) and PD-1and its ligand PD-L1. However, with the expandinginterestin
immunotherapy and immune checkpoint blockade, more attentionis beingpaidtothe
potential of otherreceptorsincluding LAG-3and TIM-3. Targeting these molecules effectively
inhibits the negative-feedback response toimmune stimulation, thereby increasing the effect
againsttumours. Use of antibodies against CTLA-4, PD-1and PD-L1 (and combination
therapies) have been established inthe clinicin diseases including melanoma (189), lung
cancer (190,191) and RCC (192) and othertargeted antibodies therapies are currently making
theirway through clinical trials. The clinical efficacy of checkpointinhibitorsin melanoma will

be discussedin more detail in section 5.1.4.3.1.

APC

Anti-CTLA-4 Anti-PD-L1 Anti-PD-1

Figure 1.1 Checkpointinhibition by anti-CTLA-4 and anti-PD-1/-L1 antibodies

T cells are activated following engagement between the TCR and the MHC/antigen
complex, as well as co-stimulatory signalling through binding of CD28 and CD80/86. CTLA-4
competitivelybinds with CD80/86 to switch off T cell activation. This processis blocked by
CTLA-4 antibodies (a). Similarly, anti-PD-1and anti-PD-L1 antibodies block PD-1/PD-L1,
respectively, atthe interface between tumourcellsandT cells (b).
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15.21 CTLA-4

Following T cell activation, CTLA-4 expression on the cell surface is upregulated and will
competitivelybind with CD80/86 co-stimulatory molecules on the surface of APCs. As thisis
with higher affinity than CD28, T cell activationis effectively switched off. Anti-CTLA-4
antibodies, therefore, block this mechanism and the T cell remains activated, with ongoing
proliferation (193) and amplification of antigen-specificresponses (Figure 1.1a).Ina small
number of heavily-pretreated patients with metastaticmelanomareceivingthe fully
humanised anti-CTLA-4 antibody ipilimumab, a higher proportion of CD4+/1COS+or
CD8+/ICOS+ cells by week 7 of therapy correlated with disease control. Anincrease inthese
populations of activated T cells were also associated with greater OS (194). Similarly,
activation of CD4+ and CD8+T cells was enhanced in patients with melanoma and RCC

receiving anti-CTLA-4antibody (195).

As well as the enhancement of T cell responses, checkpointinhibition can also affectthe
immunosuppressive action of Tregs, which not only constitutively express CTLA-4 but also PD-
1, PD-L1, TIM-3 and LAG-3. Although there is conflicting datain both animal and human
models, there is evidencethat the suppressive effect of Tregsis dependent, to some extent,
on the presence of CTLA-4(60,196). In patients with advanced prostate cancer, treatment
withipilimumab increased the proportion of both activated CD4+ effector cells and Tregs
(193). Similarfindings have been seen ex vivo from samples of patients treated with
metastatic melanomaand RCC: anti-CTLA-4 blockade seem to exertan effect through
enhanced activation of Tcell populations ratherthan decreased Treg activity (195). Indeed, if
Treg populations are depleted priorto treatment with anti-CTLA-4 antibody (on this occasion
with the humanised antibodytremelimumab), there is evidence of increased effector T cell
proliferation in vitro and in vivo. This corresponds to elevated cytotoxicity against specific
target cell lines (197). Presumably, inthe absence of Treg suppression, activation of CD4+cells
triggersincreased expression of CTLA-4 as part of normal feedback and thus making target
tumour cells more susceptible to CTLA-4 blockade (197). This is supported by further in vivo
data which demonstrates that, in murine models of melanoma, blocking CTLA-40on both Treg

and effectorTcells prolonged survival and significantly decreased tumour growth (198).
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1.5.2.2 PD-1/PD-L1

In contrast, the interaction between PD-1and PD-L1is at the interface betweenimmunecells
and tissues/tumour (ratherthan CTLA-4onthe T cellsand APCsin the LN). T cells, which have
already been primed against antigens, travel to antigen-positive tissue to exert their effect.
Followingactivation, IFN-y and other pro-immune inflammatory signals upregulate PD-1and
PD-L1(199), thereby abrogating the T cell response at the site of infection/tumour (Figure
1.1b) . In contrastto CTLA-4, PD-1isalso expressed on B cellsand NK cellsand so PD-1
blockade with anti-PD-1(or PD-L1 antibodies) may have multi-factorial effectsincluding
antibody production and innate NK cell-mediated cytotoxicity. Expression of PD-1on tumour-
infiltratingimmunecells (200) and PD-L1 on tumour cells are both increased in malignancy
(199). Indeed, higher PD-L1expression on tumour cells has been associated with poorer

prognosis (201).

In additionto abrogating T cell activity, the engagement of PD-1on antigen specificTcellsand
PD-L1 on targettumour cells has been shown to amplify apoptosis of CTLs (199). Interestingly,
the efficacy of anti-PD-1therapy does not seemto be wholly dependenton PD-L1expression
on tumour cells:in in vivo models of CRC, mice with PD-L1 knockout tumours still responded
to anti-PD-L1therapy (202). This is particularly pertinent given that current guidance for using
the humanised IgG4 anti-PD-1antibody pembrolizumab in patients with NSCLCis based on
PD-L1 expressioninthe tumour. As PD-L1 isalso expressed on DCs, blocking PD-1also leads to
increased T cell activation and cytokine production though stimulation of the TCR by activated
DCs (203). Constant stimulation of Tcells, in either chronicinfection or cancer, can lead to
ongoing PD-1expressionand Tcell anergy. Blocking PD-10or PD-L1 in this context can boost
proliferation, cytotoxicity and IFN-y production of this population of previously ‘exhausted’ T

cells (204), highlighting the potentialforanti-PD-1/-L1therapy in malignant disease.

1.5.23 TIM-3, BTLA and LAG-3

TIM-3 binds to galectin-9, one of a number of proteins which are responsible for
transmembrane signalling and cell-cellinteractions. Itis expressed constitutively on NK cells
(especially the CD56%™ phenotype) (205). As seen with otherinhibitory immune checkpoints,
TIM-3 isupregulated on activated antigen positive CD8+T cells (206) and CD4+ Ty1 cells (207).
Engagementof TIM-3 and galectin-9decreases T,,1 effector cell proliferationand IFN-y

production (207) and therapy with anti-TIM-3 antibody can reduce tumourburdeninan in
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vivo model of murine sarcoma (208). Phase | clinical trials of the anti-TIM-3 antibodies TSR-

022 and LY3321367 are ongoing (NCT02817633, NCT03099109).

B and T lymphocyte attenuator (BTLA, also known as CD272) isanotherT cell-associated
inhibitory molecule. It exertsitsinhibitory properties through binding with the TNF receptor
superfamilymember 14, which is expressed on tumour cells such as melanoma (209). Like PD-
1 and CTLA-4, it isexpressed following T cell activation but upregulation on Ty1(ratherthan
T42) effectorcellsis prolonged (210). Similarly to other checkpoint molecules, BTLA-deficient T
cells exhibitincreased activation and proliferation following stimulation with the TCRand anti-
CD3 antibody (210) and BTLA-deficient mice exhibit a greaterfrequency of autoimmune

diseases.

As well asits effecton T cell-mediated immunity through engagement with MHC-II molecules,
LAG-3 mediatesthe immunosuppressive function of Tregs, on whichitis also expressed.
Indeed, LAG-3 expressionincreases on activated Tregs, which then exert a potent
immunosuppressive effectin a LAG-3-dependent manner. Use of anti-LAG-3 antibodies
therefore abrogates the effect of Tregs in vitro and in vivo, which is demonstrated by anrise in
T cell proliferation upon stimulation (211). Early phase clinical trials with IMP321 (a LAG-3
fusion proteinthatbinds MHC-I11) have already been reported, showing atolerable safety
profile and, pertinently, anincrease inthe population of effector memory Tcells, in patients
with metastaticbreast cancer (212) and RCC(213). Trialsin pancreaticcancer at a lowerdose

of IMP321 have not demonstrated the same effect (214).

Co-expression of BTLA, TIM-3 and PD-1 on antigen-specific CTLs from patients with metastatic
melanomadefines a population of exhausted, poorly-functioning T cells which produce
diminished amounts of IFN-y, IL-2and TNF-a compared to T cells expressing only one of these
inhibitory molecules (215). The additional findings that treatment with combination therapies
(anti-TIM-3/anti-PD-1, anti-BTLA/anti-PD-1/anti-TIM-3 or anti-LAG-3/anti-PD-1) increase the
proportion of activated (cytokine-secreting) CTLs would seem to support the rationale for
combinationtherapyinthe future (206,215,216). Trials of combination therapy withimmune
checkpointinhibitors, including IMP321and pembrolizumab in melanoma (NCT02676869) and
anti-TIM-3and anti-PD-L1antibodyin advanced solid tumours (NCT03099109) are ongoing.
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1.5.3 Radiotherapy

Similarto chemotherapy agents, which induce cell death and promote release of TAAs to
prime an anti-tumourimmuneresponse, radiotherapy may also exertasimilareffectatthe
targetedsite and at distal sites. This phenomenon, known as the ‘abscopal effect’ is
demonstrated clinically when treatment of a particular site with radiotherapy leads to
improvementin non-treated areas. Supporting this, in vivo models of colon carcinoma have
shown that, following radiotherapy, disease response was associated with elevated immune
cellinfiltrationinto the tumours, raised IFN-y production and subsequent enhancement of
cytotoxicpotential of intratumoural CD8+T cells from the responding tumours (217).In a
phase Il trial of radiotherapy plus GM-CSF (to enhance DC maturation) 26.8 % of patients were
seento have abscopal responsesin non-irradiated tumour sites (218). The additional increase
in OS between patients who did or did not have abscopal responses (20.98 months vs. 8.33
months, respectively) supports the hypothesis that having an effective anti-tumourresponse

can be beneficial inthe context of radiotherapy.

In in vivo models of melanoma, the immune effects of radiotherapy have been shown to be
mediated by IFN-y: production of this cytokine after radiotherapy increased expression of
chemokinesincluding CXCL9(219). Otherin vitro studies have confirmed that radiation can
stimulate an environment which promotes immune cellinfiltration: radiotherapy-stimulated
breast cancer cells produce the chemokine CXCL16, which attracts T and NK cell populations
expressingitsreceptor CXCR6(220). In additionto enhancing T cell infiltrationinto tumour,
radiotherapy-induced IFN-y can stimulate upregulation of MHC-I, which consequently leads to
increased CTL-mediated tumour cell cytotoxicity (219). As some of the effects of radiotherapy
are mediated by infiltration of antigen-specific T cells within the TME, the effects of
radiotherapy on DCs have also beeninvestigated. Indeed, radiotherapy has been shown to
enhance expression of co-stimulatory molecules on DCs, such as CD80, which, along with

binding of antigentothe TCR, are needed to stimulate T cell proliferation (221).

Although radiotherapy can exerta positive effect on the immune microenvironment,
treatment can alsoinitiate the infiltration of other populations into the TME, such as
immunosuppressive cytokines, MDSCs and M2 TAMs. Indeed, patients with head and neck
squamous cell carcinoma are found to have raised levels of circulating Tregs following
treatment with chemoradiotherapy (222). Interestingly, there is also evidencethat Tregs are

more radio-resistant than conventional CD4+cells, leadingto an apparentincreasein
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irradiated tissues (222,223). Radiotherapy has also been shown toinduce the expression of
TGF-B (224); thisis one mechanism through which the adaptive anti-tumourresponses and
the priming of such by tumour cell deathisinhibited (225). The increase in TGF-f may be one
mechanism by which radiotherapy itselfupregulates PD-1and PD-L1 on immune cell
populations (225). Radiotherapy may also promote immunosuppressive effects by
encouraginginfiltration of M2 TAMs, as showninin vivo models of astrocytoma, gliomaand
prostate cancer (226). This may be partially attributable to the secretion of chemokines for
macrophages, such as stromal cell-derived factor-1(SDF-1, also known as CXCL-12), which has
arolein angiogenesisandis expressed as a result of tissue hypoxiaresulting from

radiotherapy (227).

Clinical trials of radiotherapy and checkpointinhibition are underway (NCT02821182,
NCT02298946) (228). Combination with anti-PD-1and anti-PD-L1inhibitors may be of
particularinterest given that radiotherapy can stimulate T cell infiltration into the tumour,

whichisthe site of activity of these immunotherapy drugs.

1.5.4 Oncolytic Viruses

Oncolyticviruses (OVs) were initially thought to exert their effect through direct oncolysis of
malignant cells, which are preferentially infected due to the presence of mutations or factors
which made them more susceptible to OV-mediated killing. As studies into these agents have
progressed, ithas become clearthatthe generation ofimmuneresponses by OVs may be as
important (if not more so) in their direct anti-tumour effects. A variety of OVs are currently
beinginvestigated, including RNA and DNA viruses (such as Respiratory and Enteric Orphan
virus (reovirus), coxsackievirus and HSV) or genetically-modified viruses such as talimogene
laherparepvec (HSV encoding GM-CSF, also known as T-VEC and OncoVEXSM-<F) discussedin
section5.1.4.3.2.

Initial concerns about the potential neutralisation of OVs before they can exert their effects
seemtobe unfounded. Ina phase | trial of reovirus, the presence of neutralising antibodies
(Nab) at baseline did not prevent reovirus from reaching tumoursites (229). In patients with
advanced CRC receiving adenovirus (coding for CEA), over half the patients had NAb at
baseline yet, despite increasing levels,there was evidence of an antigen-specificimmune

response to treatment (230).
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In vitro treatment of monocyte-derived healthy donor (HD) DCs with reovirus can stimulate
secretion of IFN-q, IL-12and TNF-a. These activated DCs can stimulate NK cellsand Tcells,
leadingtoincreased secretion of IFN-y by both cell subtypes and more potent cytotoxicity
againsttarget tumourcells (231). In samplesfrom HDs and patients, CD69 expression on NK
cellswas elevated by exposure to reovirus, with enhanced cytotoxicityas shown by greater

CD107 expression against relevant tumour cell targets (229,232).

In additionto their effects oninnate immunity, OVs can enhance priming of an adaptive
immune response (233). Moreover, this effect does notrely oninfection of target cells
followed by cell lysis and release of TAAs. B16ova melanoma cells, which express low levels of
the reovirus receptorjunctional adhesion molecule-A are resistant to reovirus infection. When
immunocompetent mice wereimplanted with B16ova tumours and treated with reovirus,
isolated splenocytes produced IFN-y when re-exposed to melanoma antigens. This indicates

the activation of a specificanti-tumourresponseinthe absence of direct cytotoxicity (234).

Treatment with OVs can generate animmune milieu capable of elicitingan immunogenicand
cytotoxicresponse. Followinginfection with reovirus, both human melanomacell lines and
primary melanomacells produce greateramounts of IL-8 and RANTES which can recruit
immune cellsinto sites of inflammation (235,236). Associated with this, NK cells, DCs and CTLs
(primed against melanoma cell lines) all migrate towards tumour-conditioned media (reoTCM)
from reovirus-infected melanoma cells in the absence of active virus. Down-regulation of IL-10

isalso observed aftertherapy in vitro (235).

Althoughintravenous (i.v.) delivery of OVs may be the most practical route, some are still
being administeredintratumourally (i.t.) in orderto circumvent the issue of NAbs completely.
The populations of infiltrating cells into the tumour can determinewhethera pro- or anti-
tumourimmune environment prevails and i.t. therapy offers an elegant systemin which to
study the effects of OVs on the TME. Intralesional injection of T-VECinto melanoma
metastases has been shown to reduce the populations ofimmunosuppressive Tregs and
MDSCs (237). Conversely, therewas anincrease in melanoma-antigen specificTcellsin the
TME (237). Moreover, i.t. therapy can resultininfiltration of immune cells into non-injected
lesions, which may go some way to explain why i.t. OVs can affectinjected and non-injected
tumours (238,239). Giventhese findings, further studies into the clinical use of OVs may
instead focus onintensifyingtheirimmune-mediated effects to exploit potential combinations

with otherimmunotherapies such as the checkpointinhibitors.
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Chapter 2 Materials and Methods

2.1 Buffers and Reagents

Table 2.1 Buffers and Reagents
‘ Name Constituents

0.15 M NH,CI (Sigma Aldrich, St. Louis, USA) + 0.1 mM

Ammonium Chloride ethylenediaminetetraacetic acid (EDTA, Fisher Scientific,
Potassium (ACK) Buffer Waltham, USA) + 10 mM KHCO; (Sigma Aldrich) in double-
distilled water (ddH,0; pH 7)

Phosphate buffered saline (PBS) + 10 % (v/v) foetal calf

ELISA Blocking Solution serum (FCS; Life Technologies, Carlsbad, USA).

ELISA Coating Buffer 100 mM NaHCO? (BDH Lab Supplies, Poole, UK) in ddH,0
Fluorescence-Activated | PBS +10 % (v/v) sodium azide (NaN3;) (Sigma Aldrich) + 10 %
Cell Sorting (FACS) Buffer (v/v) FCS
PBS-T PBS +0.05 % (v/v) Tween-20 (Sigma Aldrich)

2.2 Cell Culture

Celllineswere cultured in Sanyo CO, incubators at 37 °Cin a humidified atmosphere of 5%
CO.,. Celllineswere grown in Dulbecco’s Modified Eagle Medium (DMEM; Sigma Aldrich) or
Roswell Park Memorial Institute (RPMI; Sigma Aldrich) medium and supplemented as shown
inTable 2.2. FCS and pooled human AB serum (HS; Gemini Bio-Products, Sacramento, USA)
were heat-inactivated at 56 °C for 30 minutes priorto use. Adherent cell lines were passaged
when approaching confluence using trypsin (Sigma Aldrich). Cell lines were regularly tested for
mycoplasma contamination. All work involving blood and viruses was carried outin either
Nuaire or BioMat2 Category Il Microbiological Safety Cabinets decontaminated with 2% (w/v)
Virkon (Fisher Scientific) followed by 70 % (v/v) ethanol (Sigma Aldrich). Appropriate personal
protective equipment was worn. Waste products were decontaminatedin either2% (w/v)

Virkon or20 % (v/v) Distel (Tristel Solutions Ltd, Newmarket, UK).

All centrifugations were performed at 400 g for 5 minutes with fullacceleration and brake,

unless otherwise stated.
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Table 2.2 Culture Media

‘ Cell Line Culture Medium Name

Mel624 (Melanoma)

Mel888 (Melanoma)
DMEM +2 mM L-Glutamine + 10 % (v/v) FCS | Complete DMEM
SW480 (Colorectal)

SW620 (Colorectal)

K562 (Chronic Myeloid

. RPMI + 2 mM L-Glutamine + 10 % (v/v) FCS Complete RPMI
Leukaemia, CML)

PBMCs RPMI + 2 mM L-Glutamine + 10 % (v/v) FCS Complete RPMI

2.3 Reovirus

Reovirus Type 3 Dearing was provided by Oncolytics Biotech® Inc. (Calgary, Canada). Stock
titre was determined using astandard plaque assay protocol. Aliquots were stored at4 °C or

- 80 °Cfor longertermstorage.

2.4 Celllines

SW480, SW620, K562, Mel624 and Mel888 tumourcell lines were supplied by the American
Type Culture Collection (ATCC). K562 cells were selected for use in experiments as the ‘gold

standard’ NK cell target.

2.5 Cell Counts

Cellswere observed using Nikon Eclipse TS100 or Olympus CKX31 microscopes and counted
using a standard haemocytometerand Trypan Blue (Beckman Coulter, Brea, USA) exclusion

method.

2.6  Propidium lodide Staining for Viability

Where stated, propidiumiodide (Pl) staining was also used to calculate viability of cells (240).
Aliquots of 1x10° PBMCs were washed/centrifuged in PBS and 5ul PI1(0.01mg/ml in PBS) was
added. Data was acquired immediately using a Becton Dickinson ™ (BD™, Franklin Lakes, New

Jersey, USA) LSRII 4-laser flow cytometer.
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2.7 Collection of Blood Samples

Peripheral whole blood was obtained from either HD volunteers or patients undergoing
treatmentat Leeds Cancer Centre, St James’s Hospital, Leeds, UK. Leucocyte cones were
obtained from NHS Blood and Transplant at Seacroft Hospital, Leeds. Informed consent was
obtained fromall patients and donors in accordance with local institutional ethics review and

approval.

2.8 Isolation of Blood Components

2.8.1 Plasma

K3-EDTA vacuettes (Greiner Bio-One, Kremsmiinster, Austria) containing whole blood samples
were were centrifuged at 2000 g for 10 minutes with low acceleration and no brake. Plasma
was then harvested using asterile Pastette, aliquoted into Eppendorf tubes (Scientific

Laboratory Supplies, Nottingham, UK) and stored at -80 °C until required.
2.8.2 Whole White Blood Cells

Whole WBCs were isolated from blood collected into K3-EDTA vacuettes: blood tubes were
centrifuged at 2000 g for 10 minutes with low acceleration and no brake and the WBC layer
harvested. Red cell lysis was performed onice using ACK buffer (Table 2.1). Cells were placed
on ice for a maximum of 5 minutes, with close monitoring. Once lysis was complete, cells were
washedin Hank’s Buffered Salt Solution (HBSS; Sigma Aldrich) and centrifuged at 400 g for 10
minutes, followed by afurther 2 washes and 5 minute spins. If red blood cell contamination

persisted, ACK treatment was repeated.
2.8.3 Peripheral Blood Mononuclear Cells

PBMCs were isolated from blood (collected in EDTA vacuettes) orleucocyte cones using
density gradient separation. After collection of whole blood samples, the WBC population was
harvested as described above, without the need forred lysis. WBC were diluted with HBSS
and overlaid onto Lymphoprep® (Axis Shield, Oslo, Norway) at a ratio of 2:1. Tubeswere
centrifuged at 800 g for 20 minutes with low acceleration and low brake. The PBMC layerwas
harvested, washed in HBSS and centrifuged at 400 g for 10 minutes. Cells were washed in

HBSS and centrifuged twice more for 5 minutes before cell counts performed. PBMCs were
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thenre-suspended at the required density. Blood from leucocyte cones was directly diluted

with HBSS and PBMCs isolated as described above.

2.9 Cryopreservation of Cells

PBMCs and WBCs were cryopreserved at defined densitiesin appropriate freezing mixture
(FM) (Table 2.3). FMs and cryovials (Thermo Scientific, Waltham, USA) were equilibrated to 4
°C priorto use. FM was added in a drop-wise manner, whilst swirling the cells, to minimise cell
damage by dimethyl sulphoxide (DMSO; Sigma Aldrich). The procedure was carried out swiftly
to preserve cell membrane integrity. Cryovials were transferred into Mr Frosty™ (Thermo
Scientific) freezing containers and stored at -80 °C until transfertoliquid nitrogen (LN 2),

usually within 24 hours.

Table 2.3 Freezing Mixtures

‘ Name Constituents
‘Standard’ FM 90 % (v/v) FCS + 10 % (v/v) DMSO
10 % DMSO/RPMI 90 % (v/v) complete RPMI + 10 % (v/v) DMSO
20 % DMSO/RPMI 80 % (v/v) complete RPMI + 20 % (v/v) DMSO

40 % (v/v) RPMI (including 1 mM sodium pyruvate, Sigma

Clinical” FM Aldrich) +50 % (v/v) human serum (HS) + 10 % (v/v) DMSO

2.10 Thawing Cells

Cellswere transported ondryice from LN2 to a 37 °C water bath. Vials were closely
monitored and removed when asmallice crystal was still visible. Cells were thawed into

either PBS or cell culture media, immediately washed with PBS and pelleted by centrifugation.

2.11 Reovirus Treatment of PBMCs

PBMCs were re-suspended at 2x10° cells/mlin complete RPMI and incubated + reovirus (Oor
1 plague-forming unit (pfu)/cell) overnight at 37 °C. Next day, PBMCs were harvested and
washed free of unbound virus. Reovirus-treated PBMCs were used in functional assays

(below) and cell culture supernatants stored at -20 °C.
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2.12 Chromium Release Cytotoxicity Assay

Tumourcell lines, which were used as targets, were labelled with 50 uCi of chromium-51 (*'Cr;
Perkin-Elmer, Waltham, USA) for 1 hour at 37 °C. Excess radiation was removed by 3 large
volume washes/centrifugationsin PBS. PBMCs were re-suspended at 5x10° cells/ml in
complete RPMIL. Triplicate, halving serial dilutions of effector PBMCs were performed in 96-
well U-bottomed plates to ensure decreasing effector:target (E:T) ratios. Control plates for
maximum and spontaneous target release were set up using 1% (v/v) Triton-X (Sigma Aldrich)
or complete RPMI, respectively. >!Cr-labelled targets were then added at 5x10° cells/well.
Followinga4 hourincubationat37 °C, plates were centrifuged, supernatants transferred onto
Luma scintillation plates (Perkin-Elmer) and left to dry overnight. A MicroBeta Jet Scintillation
counter (Perkin-Elmer) determined >Cr-release from target cells in counts per minute (cpm).
The percentage of lysed target cells was calculated using the formula:

(sample cpom — spontaneous cpm)
(maximum cpm — spontaneous cpm)

% lysis = 100 x

2.13 CD107 Degranulation Assay

PBMCs and tumourtargets were re-suspended at 5x10° cells/mlin complete RPMI and
aliquotedinto FACStubes (SigmaAldrich)ata 1:1 ratio. Followingincubation for 1 hour at 37
°C, 10 pg/ml Brefeldin A (Biolegend, San Diego, USA) was added, in addition to anti-CD107a-
FITC and anti-CD107b-FITCantibodies (Table 2.4). Afterafurther4 hoursat 37 °C, cellswere
washed/centrifuged in FACS buffer (Table 2.1). NK cell identification antibodies (anti-CD3-
PerCP and anti-CD56-PE, Table 2.4) were added and tubes protected from light at4 °C for 30
minutes before afinal wash in FACS buffer. Cellswerefixedin 1% (v/v) paraformaldehyde

(PFA; Sigma Aldrich) and protected fromlight at 4 °C until flow cytometry was performed.

2.14 Preparation of Cryopreserved Cells for Imnmunophenotyping

PBMCs were thawed as previously described (section 2.10) and subjected to
immunophenotypingimmediately(‘same day’) or ‘rested’ at 37 °C overnight ata density of

2x10° cells/mlin complete RPMI before immunophenotyping (section 2.14.1).
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2.14.1 Immunophenotyping and Flow Cytometry

Cellswere re-suspended in FACS buffer at 5x10° cells/ml and 5x10° cells used pertube for
staining with appropriate fluorescently-conjugated antibodies (Table 2.4). Antibody staining
was performedindarknessfor30 minutesat4 °C and unbound antibody washed free with
FACS buffer. Cellswerefixedin 1% (v/v) PFA and kept protected from light at4 °C until flow

cytometry was performed.

Data acquisition was undertaken usinga BD™ LSRII 4-laser flow cytometerand analysed using
BD FACSDiva™ software (version 8.0). Expression of cell surface markers was calculated as the
percentage positive cellsinagiven population overthe isotype control. Relative median shift
(RMS), as a function of median fluorescence intensity (MFI) compared to the isotype control

of each fluorophore, was calculated using the formula:

Observed MFI

Relative Median Shift = Isotype MFI

2.14.2 Intracellular Staining of PBMCs for FoxP3

Tregs were stained forintracellular FoxP3 using the FoxP3 Staining Buffer Set (Miltenyi
Biotech, Bergisch Gladbach, Germany) following manufacturer’sinstructions. Following
extracellularstaining for cell surface markers (section 2.14.1), cells were washed in FACS
buffer. Fixation/Permeabilisation solution was added and incubated at room temperature (RT)
for 30 minutes. Cells were then washed in 1x Permeabilisation Buffer and anti-FoxP3-APC
antibody (Table 2.4) added. Following a further 30 minutesincubation at RT, cells were again
washedin 1x Permeabilisation Buffer. Finally, cells were washed in FACS buffer and fixed with

1 % PFA. Data was acquired immediately usinga BD™ LSRII 4-laser flow cytometer.
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Table 2.4 Fluorescently-labelled Antibodies for Flow Cytometryl

CCR7 PerCP 10 Mouse 150503
CD107a FITC 5 Mouse H4A3
CD107b FITC 5 Mouse H4B4

CD127 BvV421 5 Mouse HIL-7R-M21

CD14 FITC 5 Mouse MdP9

CD14 V500 5 Mouse MdP9

CD14 BV510 10 Mouse Mo P9

CD14 PerCP 10 Mouse MdP9

CD19 BvV421 2 Mouse HIB19

CD19 PE 5 Mouse HIB19

CD19 APC 5 Mouse SJ25CI

CD19 PE-Cy7 5 Mouse HIB19

CD25 PE-Cy7 2 Mouse M-A2512

CD3 PE-Cy7 5 Mouse SK7
CcD3 PerCP 3 Mouse SK7
CD3 FITC 5 Mouse SK7
CD3 BV510 5 Mouse HIT3a
CD4 BV510 10 Mouse SK3
CD4 PerCP 5 Mouse SK3
Ccb4 APC 5 Mouse SK3

CD56 FITC 10 Mouse NCAM 16.2

CD56 PE 2 Mouse AF12-7H3

CD56 BvV421 5 Mouse NCAM 16.2

CD62L BV605 5 Mouse DREG-56

CD69 APC 2 Mouse FN50

CD8 V500 5 Mouse SK1
CD8 Bv421 5 Mouse RPA-T8
CD8 PerCP 5 Mouse SK3

CD86 FITC 20 Mouse BU6G33
CTLA-4 BV786 10 Mouse BNI3

FoxP3 APC 20 Mouse 3G34
HLA-DR PerCP 20 Mouse L243

PD-1 PE 10 Mouse EH12.1

PD-1 BV786 10 Mouse G155-178

PD-L1 FITC 5 Mouse MIH1

TCRyd BV421 10 Mouse B1

1 Manufactured by BD Biosciences (San Jose, USA) unless otherwise stated
2 Bjolegend

3 AbD Serotech (Raleigh, USA)

4 Miltenyi Biotech (Bergisch Gladbach, Germany)
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Table 2.4 continued

Target

Volume used per

Molecule ‘ Fluorochrome 5x10° Cells (ul) Species of Origin Clone
Isotype I1gG1 BV605 5 Mouse X40
Isotype IgG1 FITC 5 Mouse G18-145
Isotype I1gG1 PE 5 Mouse MOPC-21
Isotype I1gG1 APC 5 Mouse 11711
Isotype IgG1 BV421 5 Mouse MOPC-21°
Isotype I1gG1 PE-Cy7 5 Mouse MOPC-21

Isotype IgG2a PerCp 5 Mouse G155-178
Isotype IgG2b BV510 5 Mouse 27-35
Isotype IgG2a BV786 5 Mouse G155-178
Isotype IgG1 BV786 5 Hamster G235-2356
Isotype I1gG1 V500 5 Mouse X40

Table 2.5 Immune Cell Identification and Activation Markers

Markers + Fluorophores

Cell Population I

Identification | Activation
CD4+ T cells CD69-APC, CCR7-PerCP,
(CD3+/CD4+) CD3-PE-Cy7, CD4-BV510 PD-1-PE, PD-L1-FITC, CTLA-4-BV786
CD8+ T cells CD69-APC, CCR7-PerCP,
(CD3+/CD8+) CD3-PE-Cy7, CD8-V500 PD-1-PE, PD-L1-FITC, CTLA-4-BV786
Tregs CD3-BV510, CD4-PerCP,
(CD3+/CD4+/CD25"e" | CD25-PE-Cy7, CD127-BV421, PD_Cl'_)IfELPEEYfg_‘:’ElT .
CD127°%/Fox-P3+) FoxP3-APC ’
NK cells CD69-APC, CCR7-PerCP,

(CD3-/CD56+) CD3-PE-Cy7, CD56-FITC PD-1-PE, PD-L1-FITC

NKT cells R e CD69-APC, CCR7-PerCP,

(CD3+/CD56+) PD-1-PE, PD-L1-FITC
vo T cells
(CD3+/TCRy5+) TCRy6-BV421 CD69-APC, CCR7-PerCP
Monocytes CD69-APC, HLA-DR-PerCP,
(CD14+) CoIL S PD-1-PE, PD-L1-FITC, CD86-FITC
B cells CD69-APC, HLA-DR-PerCP,
(CD19+) CD13-Bv421 PD-1-PE, PD-L1-FITC, CD86-FITC
5 Biolegend
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2.14.3 Immunophenotyping and Flow Cytometry using DuraClone Tubes

Cellswere re-suspended in FCS at 5x10° cells/ml. Aliquots of 5x10° cells were added to
custom-made DuraClone Dry Reagent Cocktail FACS tubes (Beckman-Coulter, Brea, California,
USA, Table 2.6) and incubated in darkness at RT for 15 minutes. Where necessary, anti-CTLA-
4-BV786 antibody (Table 2.4) was added to tubes. Cellsintubes A, B, Cand D were washedin
FACS buffer, fixedin 1% PFA and kept protected from light until dataacquired. Tube E was

subjectedto Fox-P3stainingas described below.
2.14.4 Intracellular Staining of PBMCs for FoxP3 Using DuraClone Tubes

Intracellularstaining of Tregs for FoxP3 was performed using the PerFix-nckit (Beckman
Coulter) following manufacturer’s instructions. After the initial 15minute incubation
(section 2.14.3), 5 ul of Buffer R1 (Fixative Reagent) was added to cells and incubatedin
darkness at RT for a further 15 minutes. 300 pl Buffer R2 (Permeabilising Reagent) was then
added and incubated at RT for 1 hour. Finally, cells were washedin PBSand thenin 3 ml 1x
BufferR3 before beingfixed with 1% PFA. Data was acquired immediately usinga BD™ LSRII

4-laserflow cytometer.

2.15 Immunophenotyping of Fresh Whole Blood using DuraClone
Tubes

Following blood sample collection (section 2.7), 100 pl of fresh whole blood was added to
DuraClone tubes (Table 2.6) and incubated in darkness for 30 minutes at RT. Cells were

incubated fora further 10 minutes at RT following addition of 1x FACS Lysing Solution ( BD
Biosciences). Cells were washed and fixed in 1% PFA and protected fromlight at4 °C until
flow cytometry was performed. Intracellular staining of Tregs for FoxP3 was performed as

previously described (section 2.14.4).
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Table 2.6 DuraClone Dry Reagent Cocktail Panel

Cell Marker, Fluorophore and Clone

Tube Panel BV421 BV510 FITC PE PerCP PECy7 APC AF700 APC-Cy7
A Isotype 1gG1 1gG1 1gG1 IgG2a IgG2a IgG2a IgG2b 1gG1 1gG1l
CD3 CcD4 CDS8 CCR7 PD-1 CD25 CD69 PD-L1
B T cells
(UCHTY1) (13B8.2) (B9.11) (GO43H7) | (Polyclonal) | (B1.49.9) (TP.55.3) | (Polyclonal)
NK/NKT/ y& CcD3 CD16 TCR y6 CCR7 PD-1 CD56 CD69 PD-L1
C
T cells (UCHT1) (3G8) (IMMUS510) | (G043H7) | (Polyclonal) |  (N901) (TP.55.3) | (Polyclonal)
Monocytes/ CD19 HLADR CD14 CD11c PD-1 CD25 CD69 PD-L1 CD86
D
B cells (J3-119) | (Immu-357) | (RMO52) (BU15) (Polyclonal) | (B1.49.9) (TP.55.3) | (Polyclonal) (HA5.2B7)
CD3 CD4 CD62L PD-1 CD25 FOXP3 PD-L1 CD127
E Tregs
(UCHT1) (13B8.2) (DREG56) | (Polyclonal) | (B1.49.9) (259D) (Polyclonal) [ (SSDCLY107D2)




2.16 Cytokine/Chemokine Analysis
2.16.1 Enzyme-Linked Immunosorbent Assay (ELISA)

Paired antibodies were used as per manufacturers’ instructions or following lab-optimised
protocols (Table 2.1 and Table 2.7). Briefly, capture antibody (in coating buffer) was added to
Nunc96-well Maxisorb flat-bottomed plates (Scientific Laboratory Supplies, Nottingham, UK)
and stored at 4 °C overnight. Plates were washed 3x in PBS-T and blocking solution was added.
After 2 hours, plates were washed 3x in PBS-Tand triplicate halving dilutions of appropriate
recombinant cytokine protein were performed to generate astandard curve foranalysis. Cell
culture supernatants were added in triplicate and plates stored overnightat 4 °C. Following 6x
washes with PBS-T, biotinylated detection antibodies were added and plates wereincubated
indarknessat RT for 2 hours. Plates were washed 6x in PBS-T. Streptavidin conjugate
(ExtrAvidin’, Sigma Aldrich) was added and plates were incubated for 1 hour at RT. Following
final washes of 3x PBS-T and 3x ddH,0, Sigmafast™ p-nitrophenyl phosphate (pNPP) alkaline
phosphatase substrate (Sigma Aldrich) was added. Plates were monitored for the
development of colourand a Multiskan® EX plate-reader (Thermo Scientific) was used to

measure optical density atawavelength of 405 nm.

Table 2.7 Antibodies for ELISA

CXCL-10 2 0.05 2000 R&D Systems
TRAIL 2 0.2 1500 R&D Systems
GM-CSF 2 1 2000 Peprotech
IFN-y 4t 1t 10000° *BD Bioscience
*Peprotech

2.16.2 Luminex Multiplex Assay

Multiplex human chemokine and cytokine analysis was performed using 21-plex (Table 2.8)
and 27-plex (Table 2.9) Bio-Plex Pro™ plates (BioRad Laboratories, Hercules, California, USA).
Standards, samplesand coupled beads were prepared priorto use following manufacturer’s
guidelines. All incubations were performed on a Unimax 2010 platform shaker (Heidolph
Instruments, Schwabach, Germany) at 450 revolutions per minute (rpm). Plate washes were
performed on Bio-Plex® handheld magneticwash plate (BioRad) to preventloss of beads,

usingthe Bio-Plex® Wash Buffer. Lyophilised standard was reconstituted with Bio-Plex®
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Standard Diluentand stored onice for 30 minutes before use. Serial dilutions were performed
on reconstituted standard to generate a standard curve foranalysis. Plasma samples were
thawed and centrifuged at 10,000 g for 10 minutes toremove any cellulardebris and diluted
1:2 with Bio-Plex® Sample Diluent. 50 ul of 1x beads were added to Bio-Plex® 96-wellflat-
bottom plates and plates were washed twice with Bio-Plex® Wash Buffer. 50 ul of standard
and sample were added toeach wellin duplicate. Plates were sealed to protect from light and
incubated at RT for 30 minutes. Plates were then washed 3x as previously described, before
25 pl of 1x detection antibody was added to each well. Plates wereincubated forafurther 30
minutes at RT. Following 3x washes, 50 ul of 1x Streptavidin-PEwas added to each well. The
plates were incubated at RT for 10 minutes protected from light. Finally, plates were washed
3x and 125 pl Bio-Plex® Assay Bufferadded to each well. Plates were read immediatelyona

Bio-Plex 100system and analysed with Bio-PlexManager™ 4.1 software.

Table 2.8 21-plex Cytokine and Chemokine Panel

Cutaneous T cell-Attractin
IL-1a Chemokine (CTACK) : il
IL-a2 CXCL1 (GRO-a) B-Nerve Growth Factor (NGF)
IL-2ra Hepatocyte Growth Factor (HGF) Stem Cell Factor (SCF)
IL-3 Leukaemia Inhibitory Factor (LIF) Stem Cell Growth Factor (SCGF)-B
IL-12p40 MCP-3 Stromal Cell-Derived Factor (SDF)-1a
IL-16 M-CSF TRAIL
Macrophage Migration Inhibitory
IL-18 Factor (MIF) U
Table 2.9 27-plex Cytokine and Chemokine Panel
IL-1B IL-10 IFN-y
IL-rou IL-12p70 IP-10
IL-2 IL-13 MCP-1
IL-4 IL-15 MIP-1a
IL-5 IL-17a MIP-1B
IL-6 Eotaxin PDGF-3B
IL-7 Basic-Fibroblast Growth Factor (FGF) RANTES
IL-8 G-CSF TNF-a
IL-9 GM-CSF VEGF

2.16.3 TGF-B ELISA

TGF-B ELISA was performed using R&D Systems Human TGF-3 Duoset kit following

manufacturer’sinstructions. Briefly, TGF-f capture antibody was reconstituted to aworking
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concentration of 2 ug/mlin PBS. Supplied 96-well microplates were coated with 100 pl diluted
capture antibody and incubated overnight at RT. The following day, plates were washed 3xin
the supplied wash bufferand 300 pl supplied block buffer was added to each well. Plates were
incubated for 60 minutes at RT before being washed 3x with wash buffer. Plasmasamples
were activated using R&D Systems ELISA Sample Activation Kit. 40 ul thawed plasma (per well)
was added to 20 pl INHCI and incubated for 10 minutes at RT. Samples were then neutralised
by addinga further 20 ul of 1.2 N NaOH/0.5 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES). 10 pl of activated plasmawas then diluted 1:20 with provided Reagent Diluent,
to afinal dilution of 1:40. A standard curve was generated using 2-fold serial dilutions of TGF-
B in Reagent Diluent with atop standard of 2000 pg/ml. Activated plasmasamplesand
standards (bothin triplicate) were added to the prepared microplates, covered and incubated
for 2 hours at RT. Following 3x further washes, 100 ul TGF-B detection antibody was added
before furtherincubationfor2 hours at RT. Plates were washed again, as previously
described, before the addition of 100 ul of streptavidin-horseradish peroxidase (HRP). Aftera
further 20 minutes protected from light at RT, a final wash was performed. Substrate Solution
was added to each well, followed by Stop Solution after 20 minutes. A Multiskan® EX plate-

reader (Thermo Scientific) was used to measure optical density at awavelength of 450 nm.
2.16.4 IL-10 ELISA

BD Biosciences’ Human IL-10 ELISA kit was used for measurement of IL-10in plasmasamples,
following manufacturer’sinstructions. For analysis an IL-10 ELISA standard curve was
generated using serial dilutions of IL-10 to a top standard of 500 pg/ml. In summary, 100 pl of
plasmawas added to the 96-well plate, pre-coatedin IL-10antibody, in triplicate. Plates were
incubated for 2 hours at RT before being washed 5x with the supplied Wash Concentrate. 100
pl of Working Detector was added to each well and incubated for 1 hourat RT. Plates were
washed 7x before adding 100 pl Tetramethylbenzidine (TMB) One-Step Substrate Reagent.
Plates were incubated forafurther30 minutes, protected from light, at which time 50 ul stop
solution was added to each well. A Multiskan® EX plate-reader (Thermo Scientific) was used to

measure optical density atawavelength of 450 nm.

2.17 ELISpot Assay

Priorto the addition of capture antibody, 96-well polyvinylidene difluoride (PVDF)

Multiscreen® ELISpot plates (Merck Millipore, Darmstadt, Germany) were moistened with 100
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ul 70 % (v/v) sterile ethanol to allow subsequent penetration by aqueous solutions in the
remaining steps. Following 3x washes with PBS, IFNy capture antibody (Mabtech, Nacka
Strand, Sweden) was diluted to a final concentration of 2 ug/ml in PBS and 100 pl added to
each well. Plates were incubated for 24 hours at 4 °C and then washed 6x with sterile PBS.
Plates were blocked with complete RPMI andincubated for2 hours at 37 °C before either
beingused, orstored at -20 °C until required. Cryopreserved plates were thawed at RT for 2
hours before use. Onthe day of the assay, effector cells werethawed as previously described
(section 2.8 and 2.10), re-suspended at the concentration required forthe assay and rested at
37 °Cfor 2-4 hours priorto use. Blocking solution was discarded from the plates and complete
RPMI added to each well to prevent the plates drying out. Immune stimuli were prepared as
follows and 50 pl of each added to appropriate wells. Cytomegalovirus/Epstein-Barr
Virus/Influenza (CEF) peptide pool (Cambridge Bioscience, Cambridge, UK) was used asa pan-
immune stimulus and either CEA or MART-1 PepMix™ peptide pools were used as tumour-
specificantigens (both JPT Peptide Technologies, Berlin,Germany); all used at 2 pg/ml.
Pokeweed mitogen (Sigma Aldrich), was used as a positive control (at 1 pg/ml) and complete
RPMI was used as a negative control. Effector cells were added to duplicate wellsin variable
concentrations to a final volume of 200 pl/well. Plates were incubated at 37 °C for 24 hours.
The following day, plates were washed 6x with PBS-T. IFNy biotinylated detection antibody
(Mabtech, Nacka Strand, Sweden) was diluted 1:5000 in PBS to achieve afinal concentration
of 0.2 ug/ml. 100 pl was added to each well and plates eitherkeptat4 °C for 24 hours or RT
for 4-6 hours, protected from light, before development. Streptavidin alkaline phosphatase
(Mabtech, Nacka Strand, Sweden) was diluted 1:1000 in PBS and following afurther 6x wash
of the plate in PBS, 100 ul added to each well. Followingafinal incubation at RT for 2 hours,
protected fromlight, 100 ul filtered 5-Bromo-4-chloro-3-indolyl phosphate/Nitro blue
tetrazolium (BCIP/NBT) substrate (Mabtech, Nacka Strand, Sweden) was added in the dark.
Once spots became visible (approximately 5-10 minutes), the plate was washed in cold water
to haltfurther development. Plates were air-dried overnight and read usingthe SD32G2 AID
ELISpotreader (AID Diagnostika, Strassberg Germany) and analysed using AID ELISpot
software (version 5.0). Each visible spotis representative of one Tcell secreting IFN-y (a spot-

formingunit, SFU).
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2.18 Sample Collection
2.18.1 CRC Patient Cohort

Informed consent was obtained from patients receiving chemotherapy for metastatic CRC.
Samples were collected from patients at three time points corresponding to chemotherapy
cycles: baseline (pre-treatment), 6 weeks (following 2 cycles of 3-weekly chemotherapy)and
12 weeks (after4cycles of chemotherapy). Patients were followed up until collection of the
final blood sample. When analysing the change inimmune function overtime, only patients
who had multiple samplestaken were included in the analysis. Furthermore, such patients
were stratified into groups based on the change in NLR overthe first 6 weeks of therapy,
initially denoted as: ‘high-high’ (NLR >5 at baseline which remained elevated at 6 weeks;
n=2), ‘high-low’ (NLR > 5 at baseline which had fallento < 5 by 6 weeks; n=10) and ‘low-low’
(baselineNLR <5 which remains so overthe first 6 weeks of chemotherapy; n=17). As there
were only 2 patientsinthe ‘high-high’ group, thisis notincludedin the statistical analysis. For
simplicity, therefore, results are annotated as eitherthe ‘high’ group (denoting the 10
patientswith ahigh baseline NLR at baseline butlow at 6 weeks) or ‘low’ group (those 17
patients with an NLR <5 throughout). Following thawing of cryopreserved cells, PBMCs were
rested overnight. Functional analysis was performed as allowed by the number of viable

PBMCs.
2.18.2 Melanoma Patient Cohort

Informed consent was obtained from patients receivingimmunotherapy for metastatic
melanoma. Samples were collected from patients at three time points corresponding to
immunotherapy cycles: baseline (pre-treatment), 6 weeks (following 2 cycles of 3-weekly
ipilimumab or pembrolizumab)and 12 weeks (after 4 cycles of 3-weekly ipilimumab or
pembrolizumab). When analysing the change inimmune function overtime, only patients
who had multiple samplestaken were included in the analysis. Following thawing of
cryopreserved cells, PBMCs were rested overnight. Functional analysis was performed as

allowed by the number of viable PBMCs.
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2.19 Statistical Analysis

GraphPad Prism® (version 7.02) was used for statistical analysis. Forthe CRCand melanoma
patient groups, Mann-Whitney Utests were used for comparison of baseline samples. For
analysis of dataover time, Wilcoxon rank test was performed. All graphs show the median
and interquartile ranges and p<0.05 denotes asignificant result (*p<0.05, **p<0.01
**p<0.001). For the validation experiments, paired t-tests were used for comparison of
samples. All graphs show the standard error of the mean (SEM) and p<0.05 denotesa

significantresult (*p<0.05, **p<0.01 ***p<0.001).
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Chapter 3 Immune Assay Validation

3.1 Introduction

Investigatingthe immune responseto therapyis an essential component of immunotherapy
trials, alongside any clinical endpoints. In addition, collecting such data from patientson a
range of treatment regimens may reveal novelinsights intoimmunomodulatory effects which
can be exploited when developing new therapies. This may also identify potentialimmune
signatures which can be used to monitor biological activity and which may correlate with

clinical efficacy or toxicity.

To date, knowledge of patientimmune responses following such treatments have been
confinedto general observations; detailed, structured investigations including functional
assessment of patient samples have notbeen performedin this setting. Analysis of fresh
patientbloodistheideal, eliminating the possibility of processing errors and other
confoundingfactors. Pragmatically, within a trial setting thisis not usually possible for the
majority of assays, particularly in multi-centre studies when samples are collected at
numerous time points. Inthisregard, blood samples could be processed and stored as frozen
components for batch analysis orfor transportation to a centre where all assays can be
performed. If clinical trial samples are cryopreserved in LN2for long term storage and
analysed at a laterdate, validation of novel assays on these frozen samples isrequired to be
able to understand the effects of cryopreservation onimmunecell function. In orderto
ensure thatthe results of such analyses are robust, we developed a panel ofimmune
functional assaystointerrogate immuneresponsesin detail. Validation of this panel will
ensure high quality and reproducible results, striking a balance between maintaining the
functional profile ofimmunecell populations and being able to recoverahigh enoughyield of

cells from patient samples to perform arange of analyses.
3.1.1 Immune Functional Assays

In orderto fully interrogate the response of a patient’simmune system to chemotherapy,
immunotherapy or other novel therapies, a panel of immune functional assays should
evaluate different facets of the immune response. The assays developed in our panel were

used to analyse aspects of the innate immune response, adaptive responses (to both tumour-
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specificantigens and non-specificviral peptides) and other parametersincluding

cytokine/chemokine profiles.

3.1.1.1 Immunophenotyping

Immunophenotypingis used to evaluate the expression of molecules on cells which can
determine phenotype and activation. Cells are labelled with antibodies bound to a fluorescent
molecule which can be detected by specificlight emission when passed through (excited by) a
laserand quantitatively measured by a flow cytometer. Despite this beingawidely used
technique, there isstillaneed forassay validation and standardisation of
immunophenotyping protocols: the increased capacity for flow cytometricmeasurement of
multiple cell populations using multiple fluorophores has added to the complexity of being
able to ensure accurate compensation strategies. When decidingon animmunophenotyping
panel to analyse clinical samples there are many factors to consider, including the emission
spectraand brightness of each fluorophore and the level of expression of specific proteins
beinginvestigated: proteins present at very low density, forexample, could be more reliably
detected using brighter fluorophores. Furthermore, comparison of different fluorophores of
the same clone but from different manufacturers canyield different results when used to
stain matched peripheral blood samples (241), as can using different clones. Isotype controls
can be usedforeach fluorophore to determine the proportion of non-specificantibody
staining, above which the true positive population can be quantified (i.e. 1gG-PEisotype

compared to CD3-PE staining) (242).

Small variationsin sample preparation could also lead to differencesin the results obtained by
flow cytometry. Asan example, Kalina et al. demonstrated that, if usingared cell lysisstepin
the processing of peripheral blood samples, both the brand of lysis buffer and the protocol for
stainingthe cells can alterthe absolute detected counts (%) and also the MFI of eachimmune
cell population (241). Similarly, the MFI of cell populations decreased overtime following
staining, suggesting that samples should be analysed within one hour of the cell staining
procedure orotherwise be stored at4 °Cinthe dark for data collection as soon as possible

(241).

Even though some centres have shown that the anti-coagulantusedinblood sample
collection bottles does not affectyield ofimmune cells (243), differences in the populations of
cells positivefor certain cell surface markers have been demonstrated (244). Forexample,

lymphocytes from blood samples anticoagulated with heparin showed increased expression of
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HLA-DR in response to stimulation with cytokines such as IFN-y. This effect was not seen when

EDTA was used as an anticoagulant (244).

3.1.1.2 Innate Immune Assays

The innate immune responseto stimulusis usually very rapid (within hours of activation in
situ) and precedes an adaptive response. Degranulating NK cells are identified by surface
expression of CD107 which is strongly correlated with cytotoxicity of tumour-cell targets. It
can therefore be used as an effective surrogate markerfor NK-mediated cytotoxicity. The
expression of CD107 and the cytotoxicity of NK cells has also been shown to correlate with cell

surface expression of the activation marker CD69 and production of IFN-y (245).

Chromium-release assays measure the ability of effectorimmune cells to actively kill tumour
targets. Target cells are labelled with >Cr, which is non-specifically internalised within the cell.
Release of *!Crinto the cell culture supernatant following co-culture with PBMCs as a
consequence of target cell lysis therefore represents the functional cytolyticactivity of
effectorcells. These assays are utilised in parallel with CD107 degranulation to assessinnate
responses againsttumourtargets. Ourlaboratory has previously shown that NK cells within
the whole PBMC population are the effector cells responsible for lysis of target tumourcells in
1Cr assays (229). Hence, itis the NK cell population within PBMCs which hasbeen studiedin

these assays throughout this thesis.

3.1.1.3 Adaptive Immune Assays

Adaptive immunity involves a T cell response to a previously encountered antigen. An antigen-
specificTcell pool responds, after expansion of asmall number of memory T cells were
primed againstthe antigen to eradicate the foreign entity. ELISpot assays can detect T cell
responsestoimmune stimuli by the production of cytokines such as IFN -y (246). They are
used to assess tumour-specific T cell responses (in malignancy and infectious disease) by
detecting antigen-specificT cells and have a high degree of concordance with other
measurements of Tcell responses (247). Recall responses to previously encountered antigens
(suchas previousinfluenzainfection) can be detected by ELISpot assay long afterthe initial
exposure (248). Pre-incubation of PBMCs with the immune stimulus of interest, to allow for
processingand presentation of antigen, can be usedtoincrease the measureableTcell
response (246). Although there might be aconcernthat usinga ‘cultured ELISpot’ assay could
prime naive T cells to the antigen of interest, the time period forwhich the Tcells are pre-
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culturedisusually lessthan 14 days (249). Validation of the concentration of protein or
peptide of choice isalso needed to optimise the result (246). Certain peptides are HLA-
restricted and, as such, are specifictoindividual patients: they can only be presented to Tcells
on certain HLA molecules. The difficulties inherent in identifying a population of T cells which
recognise aspecificantigen, given the potentialfor MHC-restriction between donors, can be
abrogated by using pools of overlapping peptides (249,250). Due to the short nature of these
individual peptides, minimal processing by APCsis needed (251). Combination of the ELISpot
with depletion assays can ascertain whetherthe responses are mediated by CD4+, CD8+ T
cellsorNK cells (249), although this may also be dependent onthe length of peptides used.
Peptides of between8and 11 amino acids, for example, are thought optimum for
engagementwith MHCclass | molecules on CD8+ T cells (250,252). Since CD4+ T cells can
respondto longer peptides (252,253) - though not reliably those shorter than 10 aminoacids -
peptide pools of approximately 15amino acids in length with overlapping sections of 8-11
amino acids can be used to simulate both groups of T cells. The number of PBMCs used in
ELISpot assays also has an effect onthe number of positive responses yielded, with a higher
proportion of reactions detected if > 4x10° PBMCs/well are used (254). Due to the variability
inthe responses and the heterogeneity of the assay, the Association forImmunotherapy of

Cancer Working Group recommends that the assay be performedintriplicate (254).

3.1.1.4 Cytokines

The balance of cytokines and chemokines can directly impact the generation and direction of
an immune response. The cytokine/chemokine profile can reveal additional information as to
the immune response of a patientto therapy and forms a complementary tool foranalysis
when used alongside otherassays. Multiple methods can be used to monitor the levels of
these solutes, including, for example, ELISA and Luminex; the majoradvantage of Luminex
being high-throughput analysis. Another advantage is that the relative amount of sample
neededis much smallerthan would be required for multiple ELISAs, thereby preserving
precious patientsamples. However, thereare considerable costimplications. Comparisons
between ELISA and multiplex bead assays have shown that, formost T;1 and T2 cytokines,
thereisa high degree of correlation between the two methods of detection (255,256). This
standstrue for stimulated and non-stimulated patient samples. Although thereisahighlevel
of concordance between the two assays, the absolutevalues of analyte detected can differ,

possibly due to differences in the reference standards and the antibodies used in the assay
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(256). Multiplex bead assays have been shown to be more sensitive when detecting low levels

of cytokine and chemokines (257) whichis essential for patient samples.

Once again, processing and storage of samples can alterthe outcome of the assays. Levels of
IL-8 in plasmafrom five-day old platelet concentrates, for example, are far higherthan
concentrates analysed after only two days of storage (258). In contrast, cytokine production
from PBMCs stored at room temperature was decreased compared to those that were

analysed fresh (259).

3.1.2 Sample Collection and Storage

In orderto ensure sample quality and reproducibility of analyses, we validated a number of
aspects of sample collection, isolation of immune cells, preparation of cells foranalyses and
sample storage. We also focussed on the cryopreservation ofimmune cells to use i n batch

analysis ofimmune function.
3.1.2.1 Collection of Whole Blood Samples

There is some concernregarding the viability of cellsand the impact of time from blood being
drawnto being processed. Storage of samples at room temperature forup to 24 hours does
not seemto affect the cell counts of individual immune cell populations, with the exception of
NK cells (slightincrease by 24 hours) and monocytes (slight decrease by 24 hours) (260). There
issome variability in the expression of the activation markers CD86and HLA-DR on the surface
of monocytesif there isaperiod of greaterthan fourhours between blood sample collection

and staining (260).

Following cryopreservation, cell recovery upon thawingis decreased when the time between
sample collection and processing/cryopreservation is greater than seven hours and increased
when processed less than two hours after collection (261). Similarly, samples taken and left
for overeight hours before being processed not only demonstrated decreased cell viability
aftercryopreservation but Tcell responsesin IFN-y ELISpot assays were also diminished (243).
It has beensuggested that samples anticoagulated with EDTA (ratherthan heparin) have
greater contamination with granulocytes when keptfor 24 hours before lymphocyte
separation (262), so although yield of PBMCs may be similar, the functional effect of

granulocyte contamination in this situation cannot be disregarded. In addition, the storage of

52



whole blood samplesin EDTA tubes (at RT) can affect antigen-specificresponses, witha

decrease in antigen-specificTcell responses atall time points up to 24 hours (263).

3.1.2.2 Isolation of PBMCs

PBMCs can be isolated from fresh whole blood via gradient density separation (using solutions
such as Lymphoprep™ or Ficoll®) or pre-prepared tubes such as Vacutainer Cell Preparation
Tube. There isno observed difference between the yield of isolated immune cellsub-
populations using either method (243,264). Neitheristhere a differencein Tcell
immunological responses (265). However, relatively small variations in the preparation of cells
can affectthe outcome of immune assays. Forexample, using different media for density
gradient separation can produce discrepancies inthe magnitude of Tcell response to recall
antigens: IFN-y expression was increased in the population of PBMCsisolated using Ficoll® vs.

Lymphoprep™ (266).

Although many functional assays focus on the analysis of PBMCs and cytokine/chemokine
profiles, granulocytes (the majority of which are neutrophils) form asignificant part of the
immune defence against pathogens. However, assays measuring neutrophil activity can be
difficultand the use of radio-labelled trafficking or chemotaxis assays can be variable and
correlate poorly toimmune functionality (267). One of the major difficulties with the storage
or culture of granulocytes in vitro is the cytotoxicand microbiocidal potential of activated
neutrophils (98,268). If neutrophils are isolated from human whole blood, subsequent lysis
may be due to the release of lysosomes, which initiate cell death. Reduced granulocyte
viability is directly proportional to the release of lysosomal enzymes (269). Interestingly,
inhibition ofimmune responses (seenin PBMCs isolated from peripheral blood which have
been leftat RT for a prolonged period before being processed), may be, in part, due to

granulocyte contamination of PBMCisolates (270).

3.1.2.3 Cryopreservation of PBMCs

Cryopreservation of cells must be optimised in orderto maximise cell recovery and prevent
damage through osmotic processes during freezing. Everything from the FM used to the speed
of the freezing process and method of thawing can affect the recovery of immune cells
following cryopreservation. Crucially, DMSO, used as a cryopreservative, should be added ina
step-wisemanner, to protect the cell from sudden osmoticchangesand to maintain cell
integrity (271).
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The FM inwhich cells are cryopreserved can also vary greatly between laboratories. In some
studies, FMs were chilled (ideally below 4 °C) when preparingto cryopreserve cells. Thisis
borne out instudies showingthat usingwarmed solutions decrease T cell responsesin
immune assays (266,272). In contrast, otherstudies have found that addingwarmed FMs

increasesthe recovery of cryopreserved PBMCs on thawing (273).

The method of cryopreservationisalsoimportantand canitself yield differences in the quality
and population of cells once recovered. PBMCs must be frozen in a controlled way to avoid
formation of intracellularice crystals, which cause cell membrane disruption and lysis.
Common methodsinclude eitheracontrolled-ratefreezer (CRF) ora manual method using
equipmentsuchasa Mr Frosty™; both functionin a similar way by controlling the rate of
freezingto 1 °C per minute. When culturing DCs from monocytes, forexample, the yield is
shown to be greaterif PBMCs are cryopreserved usinga CRF technique ratherthan a manual
method (274). Despite some benefits of a CRF, use of a Mr Frosty™ is still accepted as good

practice in many centres.

There seemsto be no consensus on the freezing density of lymphocytes for cryopreservation
inthe literature to date. Pross and Maroun cryopreserved lymphocytes at densities of
between 3and 5x10° /ml (275), whereas Mata et al. (276) and Azizet al. (277) used freezing
densities of 1x10” PBMC/ml. Disis et al. found there was no difference in viability of thawed

PBMCs when cryopreservedin aliquots of 1x107/ml, 2x10’/ml or 3x10’/ml (278).

3.1.2.4 Storage of Samples

For batch analysis, clinical trial samples are stored longtermin LN 2 until required. Some
studies have shown that storing samples at-70 °C for < 3 weeks does not affect recoverable
cellviability (279), while others have shown adeclinein thawed PBMC viability when stored at
-80 °C comparedto those stored in LN2, with a higher proportion of apoptoticcells. Of note,
these samples were thawed and analysed after 14 months, which may explainthe poorer
yield (280). T cell populations within frozen PBMCs also appearto remain constant at time
pointsupto 15 monthsin LN2 (and when stored at -70 °C for< 3 weeks) (279). There is
conflicting dataaroundthe preservation of Tcell responses overtime. Weinberg et al.
demonstrated that T cell responses to stimulus such as pokeweed mitogen (in lymphocyte
proliferation assays) were maintained up to 15 months afterstorage in LN2 (279). There was,
however, variability in responses to different stimuli when PBMCs had been stored at -70 °C.

In contrast, other data suggests thatlongterm storage of cryopreserved PBMC (admittedly
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from HIV-positive individuals) diminishes both CD4+and CD8+ T cell responses to avariety of
peptide stimulants (measured by % IFN-y expression on cell population of interest),
particularlyin cells stored for greaterthan one year(281). This loss was, as expected, more
evidentinthe CD4+ population. This effect was notseeninthe HIV-negativedonors (281),
emphasising the importance of standardising and validation of assaysin the patient

population of interest.

In addition, any fluctuations in temperature during storage can decrease cell viability, cell
recoveryandT cell responsesin assays such as the ELISpot (282,283). Even small changes can
lead to reduced recovery and jeopardise outcomes fromimmune assays (282). The source of
these variations, such as other samples being removed from the same storage facility, should
be considered when planninglong-term storage of clinical samples. Providing that different
centres adhere to quality assured SOPs the yield and functional immune profile of PBMCs can
be maintained if cryopreserved samples can be shipped ondryice and transferred

immediatelyto LN2on arrival at a central laboratory.

3.1.3 Preparation of PBMCs for use in Immune Assays

3.1.3.1 Thawing of PBMCs

Variability in the thawing procedure of cryopreserved cells across different laboratories can
cause large fluctuationsin the viability of PBMCs (254). Despite this, anumber of factors do
not seemto alterthe viability of cryopreserved cells on thawing: duration of centrifugation
following thawing, the volume the samples are resuspended in and the density of thawed cells
duringthe washing procedure (278). Interestingly, although there is conflicting dataon
whetherthere is benefit to cooling FMbefore cryopreservation of PBMC, washing PBMCsin

cold medium afterthawing has a detrimental effect on cell viability (278,284).
3.1.3.2 Resting PBMCs versus Inmediate Use

There are questions about whether cells which have been cryopreserved can be usedin
immune assaysimmediately upon thawing or whether a period of incubation may be
beneficial toallow cellsto recoverfrom the thawing process. This has to be weighed again st
the possible loss of cells following a period of resting before use. As an example, PBMCs from
a cohort of patients with chronicviral infections (including HBCand HIV) were analysed after

being rested overnightand compared to PBMCs used immediately. Although viability of the
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cellsdecreased, itremained above 90% in the rested group (median viability 94.8 % vs.92.5
%) (285). Interestingly, rested PBMCs contained a greater number of dead cells, whereas a
higher proportion of apoptotic cells were found in unrested PBMCs. Rested PBMCs, therefore,
may have reduced viability due to death of apoptoticcells, leaving a purer population of viable
functional immunecells (285,286). Loss of cells due to apoptosis, rather than necrosis, should
ensure thatthe immune milieu of the assay is not skewed by this process. While apoptotic
cellsdo not respond to antigenicstimulation (by IFN-y production), the presence of apoptotic
cellsinaviable Tcell population can decrease response of viable T cells to viral antigens (287).
Restingthawed PBMCs before use increases the number of positive responses to viral
antigens by CD8+ T cells and consequentlyresulted in increased expression of cytokines
including IFN-y and TNF-ain response to antigen (285,288). This effect hasalso been
demonstrated toa lesserextentin CD4+ T cells. This suggests that T cell responses can be
enhanced by resting PBMCs afterthawingand can increase sensitivity in detecting antigen-
specificimmune responses withoutincreasing the levels of false positives (as there was no

response totumourassociated antigens by HD PBMCs) (288).

Resting PBMCs overnight can enhance pre-existing CD8+T cell responses to CEF peptidesin
ELISpot assays but has no effect on patients with inherently low CEF responses, or on CD4+
responsestoantigen (289). Enhancement of responsesin this context may be useful if the
frequency of circulating antigen-specific Tcellsis low. An enhanced response was not related
to changesinT cell populations as determined by immunophenotyping, suggesting that these
findings are due toincreased functionality of an already stimulated T cell in response to
antigen/peptide (289). Resting PBMCs overnight priorto use can also decrease the
background (non-specific) readings compared to cells used immediately after thawing
(247,249). In these situations, there should be abalance between maintaining functionality of
immune cell populations, being able to detectimmune responses with a high degree of
specificityand doing so whilebeingable to preserve the viability of cell populations within
limited clinical samples, given that resting canlead to the loss of up to 50 % of the viable
PBMC population (289). We, therefore, specifically investigated the effect of usingthawed
PBMCs immediately in assays, compared toimmune responses in populations of PBMCs

rested overnight before being used.
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3.1.4 Using Fresh or Cryopreserved Cells in Immune Assays

The cryopreservation of PBMCs is required for the practicalities of batched analysis of patient
samples from multiple clinical sites and potentially multiple trials. Bulk analysis also limits the
intra- and inter-patient variability, as all samples are analysed at the same time using the
same reagents, same machine settings, etc. Quality-assurance measures should therefore
include the time from blood collection to processing/freezing and viability/yield of thawed
PBMCs (290) in orderto ensure that results are reliable and reproducible. We therefore
specifically investigated the yield of cryopreserved PBMCs and the practicalities of freezingin

orderto maintain cell viability and robustimmune responses.
3.1.4.1 Immunophenotyping

Thereisvariationinthe reproducibility of cellular markers on differentimmune cell
populations following cryopreservation. Jeurink et al. demonstrated that cryopreserved
immune cells withinthe whole PBMC population were similarto those infresh samples (286).
While some groups have shown that the relative populations of CD3/CD4+ and CD3/CD8+ T
cells within cryopreserved PBMCs correlated with those from paired fresh samples (286,291),
others have demonstrated that the frequency of T cells fall post-thawing and did not recover
(292). Lemieux et al. showed thatfollowing cryopreservation of PBMCs from HDs, populations
of NK cellsand B cells were unchanged butif cells were rested for 24 hours, there was a
significantdecreasein the frequency of CD3+ T cells and monocytes (292). Previous studies
have shown that activation markers on NK cells, monocytes and B cells are comparable
whether PBMCs are used fresh, cryopreserved and rested priorto use orcryopreserved and

used immediately on thawing (276).

Tregs are a population of particularinterest when evaluating the immune response and
accurate assessment of Tregactivationis essential to determine the immunosuppressive
potential of this cell population. Depending on the definition of the phenotype of Tregs, there
can be appreciable differences inthe proportion of Tregs between fresh and frozen
conditions: CD4+CD25+FoxP3+ cells are lowerin cryopreserved cells, whereas when defined
as CD4+CD25+CD127°%, the population is equivalent (293). Other, conflicting data shows that
the population of Tregs within PBMCs can be altered by cryopreservation (294). To thisend,
we investigated the effect of cryopreservation on PBMC populations as assessed by flow

cytometry, including activation and identification of specificpopulations ofimmune cells.
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3.1.4.2 NK Cell Assays

Activation and function of NK cellsinfresh and frozen PBMCs have been assessed by avariety
of groups. Although populations of NK cells are not diminished following cryopreservation
theirabsolute cytotoxic potentialis reduced (286). In contrast, other studies have
demonstrated thatthe relative cytolyticactivity of NK cells can be maintained between each
condition (fresh vs. frozen) (271). In data from HD PBMCs, there is evidence of variation in NK
cell function followingincubation priorto use in chromium release assays (used immediately
on thawingvs. beingincubated in culture medium forbetween 3and 24 hours) (271).
Contrary to this, Mata et al. compared NK cell activity in fresh cells, frozen/rested cellsand
frozen/unrested cells. They observed that resting PBMCs after thawing achieved similar
resultsthan when using fresh cellsinimmuneassays (276). Specifically, NK-mediated
cytotoxicity against target cells, as well as ADCCand CD107 degranulation, were comparable
to fresh PBMCs, if cryopreserved cells were thawed and rested overnight priorto use (276).
Earlierwork by Pross and Maroun supports this finding, showingthat cryopreserved NK cells
rested at 37 °C for at least five hours before use demonstrate activity comparabletothatseen

infreshlymphocytes (275).

3.1.4.3 T Cell Assays

Cryopreserved PBMCs can also be usedin the evaluation of adaptive T cell-mediated immune
responses, such as ELISpot assays. Following thawing of HD PBMCs, viability of the cells may
be decreased butthe size of the CD3+ T cell populationis not (286). Thisis dependent,
however, on whetherthe PBMCs have been co-cultured with astimulator of Tcell function,
such as phorbol myristate acetate (PMA) (286). While it has been shown that cryopreservation
can diminish Tcell responsestoviral peptidesin ELISpotassays (281), other groups have
foundthat responsestorecall antigens (including viral peptide pools) are not affected by
cryopreservation (273,278). Indeed, Kuerten et al. (289) demonstrated that cryopreservation
did not significantly affect IFN-y productionin responseto CEF viral peptides when compared
to fresh PBMCs. Fluctuationsin temperature during the long-term storage of PBMCs can also

effect Tcell responses when cells are thawed forimmune assays (283).

In this regard, we specifically investigated the effect that cryopreservation would have on
innate and adaptive immune cell analysis, in particular NK cell degranulation/cytotoxicity

assaysand ELISpot assays.
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3.1.4.4 Measurement of Cytokines/Chemokines

There are concerns that cryopreservation may activate immune cells and skew the immune
profile of cells used inimmuneassays. There is conflicting datain this regard, with some data
suggestingthatlevels of IL-10, IL-12, TNF-a, IFN-y and IL-5 do not vary in cell culture
supernatants of thawed PBMCs (286). However, analysis of cytokine/chemokine production
from PBMCs collected from a cohort of children with diabetes showed elevated levels of IL-6,
IFN-y, IL-10and IL-13 following freeze-thawing (295). Exogenous stimulation of PBMCs results
invariable production of solutes between the fresh and cryopreserved conditions (greater
IFN-y and TNF-a and lower IL-10 and 1L-13) (295). Otherstudies have shown decreased levels
of IL-12 inresponse toincreased IL-10 production from thawed PBMCs (296). The previous
study also showed differential expression of IL-10when thawed PBMCs were stimulated with
phytohaemagglutinin (PHA) (296). However, similar evaluation of PBMCs in another cohort of
HDs showed novariationin cytokine production (including IL-6, TNF-a and IFN-y) following
PHA stimulation, between fresh and cryopreserved PBMCs (297). The disparities in levels of
each cytokine expressed by cryopreserved cells, with or without stimulation, should be

evaluated priorto beingincluded inimmune panel analysis of clinical trials samples (298).

In conclusion, variability between assays is decreased when performed by the same operator
but repeatability can be maintained over differentlaboratories and different operators if

standard operating procedures (SOPs)are setand adhered to.

3.1.5 Rationale for Current Study

We aimedtodevelop andvalidate a panel of reproducible immune assays which could be
batch analysed and used to evaluate the immune response, in peripheral blood, across a

spectrum of patient populations. Specifically the aims of this part of the project were:

1. To optimise viable cell recovery after cryopreservation, including isolation ofimmune
cell populations, freezing densities and storage of samples.

2. To optimise the thawing process of samplesinorderto be able to use themin
immune assays.

3. Toexplore whetherthereis asignificantchange in the responseand cell phenotype
aftercryopreservation.

4. To explore whetherthere are significant differencesin functional assays after

cryopreservation.
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3.2 Immune Assay Validation: Results
3.2.1 Cryopreservation of Clinical Trial Samples to Optimise Cell Recovery

3.2.1.1 Recovery and viability of PBMCs are maintained if separated from

granulocytes priorto cryopreservation

Cryopreservation of immune cells was investigated in order to improve the maximum
recovery of viable cells following thawing and better understand differential viability and
recovery of different cell types. Fresh peripheral blood was obtained from HDs and either
whole WBCs (including granulocytes) or PBMCs (without granulocytes) wereisolated, to

determine whetherthese wouldyield different results.

Cellswere cryopreserved at a density of 1x10” PBMCs/ml. On thawing, viable cellswere
counted using Trypan Blue exclusion and the proportion of recovered cells was calculated.

There was a range of viable cell recovery between HDs (Table 3.1).

Table 3.1 Yield of viable PBMCs from HDs using Trypan Blue exclusion

Cryopreserved Cells Viable Cell Yield Recovery of viable cells
HD 1 21.3x10° 7.52x10° 35.3%
HD 2 19.5x10° 12.64x10° 64.8 %
HD 3 20.9x10° 9.52x10° 45.5 %

Viability can also be assessed by Pl staining. In orderto ensure that Trypan Blue exclusion was
areliable way to assess the recovery and viability of PBMCs following cryopreservation, Pl
stainingwas used to assess the proportion of dead cells within the population of viable,
thawed PBMCs from HD 1-3. Plstaining of these PBMCs showed that Trypan Blue exclusion
had a high degree of fidelity for assessing the viability of PBMCs. Viability of recovered cellsin
each of the three donorswas greaterthan 90 % (91.6 %, 91.3 % and 91 %, respectively;
Figure 3.1). These dataindicate that Trypan Blue is a valid method for evaluating the viability
of PBMCs isolated from peripheralblood and will therefore be used for the remainder of the

project.
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Figure 3.1 Viability of cryopreserved PBMCs verified by Pl staining

HD PBMCs were isolated from whole blood samples as already described and
cryopreservedin clinical FMat 1x10” PBMCs/ml. Thawed PBMCs were then stained with Pl
before beinganalysed by FACS. Levels of dead cells in the three donorsamples (HD 1-3;(a)
(b) and (c)).

In orderto determine the optimum method of sample preparation from patient blood, we
sought to compare the isolation and storage of the whole WBC population (including
granulocytes) with the PBMC population. Whole WBC populations (from HDs) were
cryopreserved at densities of 0.5x10° cells/ml, 1x108 cells/ml and 2x10° cells/ml in different
FMs (Table 2.3). Following thawing and counting of viable WBCs, it was clearthat the yield of
viable WBCs was much lower than anticipated (below 20% in all conditions, Figure 3.2a).
However, increasing cell density was associated with greateryield. This was significant when
cellshad been preservedinstandard FM(0.5x10° WBCs/ml vs. 2x10° WBCs/ml, 2.7 % vs. 17.3
%, p=0.0066; 1x10° WBCs/ml vs. 2x10° WBCs/ml, 5.7 % vs. 17.3 %, p=0.0104). At a freezing
density of 0.5x10° WBCs/ml there was a significant difference in cell recovery when preserved
instandard FM vs. 20 % DMSO/RPMI (2.7 % vs. 9.3 %, respectively, p=0.0099). At a density of
1x10° WBCs/ml, 20 % DMSO/RPMI was significantly superiorto 10 % DMSO/RPMI (12.3 % vs.
5.0 %, respectively, p=0.0142). Interestingly, as the freezing density increases, the effect of
different FMs seemto be abrogated, with nosignificant difference seen between media at

density of 2x10% WBCs/ml (Figure 3.2a).

As the whole WBCyield was less than expected, the yield of PBMCs (without granulocytes,
isolated from HDs) was investigated as an alternative. Higher cell densities of 5x10° PBMCs/ml
and 1x10’ PBMCs/ml were used, given the results of previous WBC experiments. Overall,

recovery of PBMCs at these specificdensities was increased compared to WBCs (Figure 3.2b).

There was no significant difference between viable cell recovery from these high freezing

densities (5x108/ml, 1x107/ml) with any FMs. Yield was higher at both cell densities for cells
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preservedinstandard FM (10 % DMSO/FCS) suggesting that this could be superiorin

preventingloss of cell viability.
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Figure 3.2 Recovery of whole WBC and PBMC populations following cryopreservation

Recovery of viable HD WBCs (a) and PBMCs (b) following cryopreservation. Cell populations
were frozen at stated densities using different FMs. Afterthawingthe yield of viable cells
was determined using Trypan Blue exclusion (n=3).

Although some loss of viability is expected when peripheral blood cells are cryopreserved,
maximising the cell recoveryis essential to be able to perform multipleimmune assays. As
yields from fresh HD blood did not meet expected levels, acomparison of PBMCs from HD
fresh blood and leucocyte cones was performed. Leucocyte cones are areliable source of high
guantities of PBMCs and the usual product of use within the laboratory for research purposes.
Once again higherfreezing densities (2x10” PBMC/ml and 4x10” PBMC/ml) were used to
investigate whetherthis wouldyield agreaternumber of viable PBMCs on thawing

(Figure 3.3). Recovery of PBMCs from fresh blood was higher when cells had been preserved
instandard FM compared to 20 % DMSO/RPMI. This was significant ata freezing density of
4x10” PBMCs/ml (standard FM vs. 20 % DMSO/RPMI 30.93 % vs. 13.33 %, p=0.0156). In
comparison, there appearedto be no change in the recovery of cells from cones when

comparing both cell densityand FM.
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Notably, the recovery of viable PBMCs was much lower using fresh peripheral bl ood
compared to cones underall conditions tested. This was significant at a freezing density of

4x10” PBMCs/mlin 20 % DMSO/RPMI (fresh blood vs. cones 13.33 % vs. 47.20 %, p=0.0151).
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Figure 3.3 Recovery of PBMCs isolated from fresh blood and leucocyte cones.

PBMCs were isolated from HD whole blood and from leucocyte cones. PBMCs were frozen
at the specified densities in either standard FM or 20% DMSO/RPMI. Following thawing, the
yield of viable cells was determined using Trypan Blue exclusion (n=3).

Overall, these datasuggest thatthere is trend towards better recovery of viable PBMCs after
cryopreservationinstandard FM. There also appearsto be a higheryield when PBMCs are

preserved at higher densities. There was still a difference between recovery of HD PBMCs and
those from cones, therefore we investigated different FMs to try and improve recovery of HD

cellsinline with those derived from cones.

3.2.1.2 ‘Clinical’ freezing mixture increased recovery of cryopreserved PBMCs

In orderto optimise the cryopreservation process, recovery of HD PBMCs cryopreservedin
standard FM (which had been shown to be superiorto other mixtures), was compared to that
of PBMCs cryopreservedin clinical FM (Table 2.3). The latter has been shown by collaborators
to yieldan optimum number of viable cells after cryopreservation and may be more

appropriate forfunctional immune analysis at a later stage (personal communication).
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Recovery of viable PBMCs was not significantly different when cells were cryopreserved in
standard or clinical FM (Figure 3.4). There was also nosignificant difference in cell recovery

between freezing densities.

807
Bl standard FM

Il Clinical FM

% Yield of Viable Cells
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Figure 3.4 Recovery of PBMCs following cryopreservation in standard or clinical FM

Cell populations were frozen at stated densities using different FMs. Afterthawing, the
yield of viable cells was determined using Trypan Blue exclusion (n=3).

This data collectively suggests that to optimise immune cell recovery following
cryopreservation, PBMCs should be isolated from granulocytes before being frozen in clinical
FM at a density of 1x10” PBMCs/ml. By freezing at this density, the yield of thawed PBMCs will
be maximised, whilealso allowing cells to be frozenin smallerbatches so cells are not wasted

on thawing.

3.2.2 Functional Analysis of Clinical Trial Samples: Comparing Fresh and

Cryopreserved Cells.

Clinical trial samples need to be cryopreservedin LN 2 for long-term storage priorto analysis

and functional assays requirevalidation for cells which have been cryopreserved.

3.2.2.1 Cytotoxicity of PBMCs against target tumour cells is maintained following

cryopreservation

PBMCs were isolated from cones and either used fresh or cryopreserved foraminimum of 8

weeks priorto analysis. Reovirus (1 pfu/cell)was used asan immune stimulant to activate
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PBMCs overnight priorto setting up chromium release assays to assess cytotoxicity against
three targetcell lines (K562, SW620, Mel888). Figure 3.5 shows that both fresh and frozen
PBMCs were activated by reovirus, resultinginincreased target cell cytotoxicity in comparison
to unstimulated PBMCs. This was true for all three target cell lines (e.g. reovirus activationat 1
pfu/cell vs. 0 pfu/cell forcryopreserved PBMCs against SW620 cells, 62.3 % vs. 23.0 %,
respectively, p=0.0146; for fresh PBMCs against SW620 cells at same ratio, 82.3 % vs. 44.3 %,
p=0.0204; both at 100:1 effector:targetratio). Although the absolute cytotoxicity of
cryopreserved cellsis moderately diminished compared to fresh PBMCs, this dataindicates
that previously frozen PBMCs are still functionaland able to respond to an immune stimulus

following cryopreservation.
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Figure 3.5 Cytotoxicity of fresh and cryopreserved PBMCs

PBMCs from cones were eitherused fresh (a, ¢, ) or following cryopreservation (b, d, f).
Cellswere treated with Oor 1 pfu/cell reovirus overnight at 37 °C before beingincubated
with>1Cr-labelled target cells (K562 (a + b), SW620 (c + d) and Mel888 (e +f)). Percentage
of dead tumour cells was then determined (n=3). For p values see Appendix (Table 8.1).
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3.2.2.2 Degranulation of immune cells against target tumour cells is maintained

following cryopreservation

CD107 degranulation assays were performed in parallel with chromium release assays to
determine the sub-population ofimmunecells responsible fortarget cell death. Target cell
lineswere incubated for4 hours with PBMCs previously activated + 1 pfu/cell reovirus
overnight. PBMCs were eitherfresh or had previously been cryopreserved. Cell populations
were defined as described in Table 2.5and degranulating cells were identified using CD107a/b
antibodies. NK cells expressed the highest levels of CD107 when compared to NKT and T cells,
suggestingthatthese cells are predominantly responsible forlysis of tumour cell targets via

degranulation (Figure 3.6).
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Figure 3.6 Degranulation of fresh and cryopreserved immune cell populations against
tumour cell targets

Fresh (a) or cryopreserved (b) PBMCs were treated reovirus at 1 pfu/cell. Following
overnightincubation, PBMCs were cultured with target cell lines and anti-CD107 antibodies
for 4 hours. Flow cytometry was used to determine the proportion of CD107 expression
withinimmune cell sub-populations (n=3).
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Figure 3.7 shows degranulation of NK cells (within the PBMC population) in further detail.
Treatment of PBMCs with reovirusincreased NK cell degranulation when exposed to tumour
targets. This was significantin all target cell lines when using fresh PBMCs (K562: 54.4 % vs.
84.1 %, p=0.0007; SW620: 52.2 % vs. 83.6 %, p=0.0121; Mel888: 11.0 % vs. 63.0 %, p=0.0023).
Activation of cryopreserved NK cells with reovirus was also significant against the K562 and
Mel888 cell lines (K562:34.4 % vs. 50.3 %, p=0.001; Mel888: 4.0 % vs. 11.3 %, p=0.0084).
Althoughthe resultdid notreach significance with SW620target cells, the trend persisted,
with mean CD107 expression 18.7% (0 pfu/cell) vs.50.0% (1 pfu/cell; p=0.0647). When
exposed to K562 tumour cells, fresh NK cells expressed significantly more CD107 than
cryopreserved NK cells, both with and without stimulation with reovirus (0 pfu/cell: 54.4 % vs.
34.4 %, p=0.0399; 1 pfu/cell: 84.07 % vs. 50.30 %, p=0.0081). Following reovirus activation,
there was also significantly increased CD107 expression on fresh NK cells exposed to both
SW620 and Mel888 target tumour cellsin comparison to cryopreserved cells (SW620: 83.57 %
vs. 49.97 %, p=0.0171; Mel888: 63.03 % vs. 11.30 %, p=0.0047).
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Figure 3.7 Degranulation of fresh and cryopreserved NK cells against tumour cell targets

Fresh or cryopreserved PBMCs isolated from cones were treated + reovirus at 1 pfu/cell.
Following overnightincubation, PBMCs were cultured with target cell lines and anti-CD107
antibodiesfor4hours. Flow cytometry was used to determine the proportion of CD107
expression withinimmune cell sub-populations (n=3).
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Overall, absolutelevels of CD107 expression wereslightly lowerin cryopreserved cells
(Figure 3.7), reflecting the results of the chromium release assays but the effect of virus

activation was comparable.

3.2.2.3 Cytokine production induced by virus activation is maintained following

cryopreservation

PBMCs from cones were isolated and eitherused fresh or cryopreserved and thawed priorto
use. Following an overnightincubation with Oor 1 pfu/cell of reovirus, cell supernatants were
collected and analysed by ELISA for cytokine /chemokine production in responseto viral

stimulation.

Cell-free supernatants were evaluated for presence of CXCL-10, IFN-a, TRAILand IFN-y
(Figure 3.8). GM-CSF, TNF-a, IL-28, IL-29 and IL-10 were also evaluated butlittle orno
secretion of these cytokines were detected (data not shown). Analysis showed that there was
anincreaseinthe release of inflammatory cytokinesinresponse to treatment with reovirus
from both fresh and cryopreserved PBMCs. Levels of IFN-awere significantly differentin both
conditions (fresh PBMCs: 0 pfu vs. 1 pfu, mean + SEM 0 pg/ml vs. 3252 pg/ml +575 pg/ml,
p=0.011; frozen PBMCs: 0 pg/ml vs. 2256 pg/ml + 638 pg/ml, p=0.0385; Figure 3.8a). Using
fresh PBMCs, release of CXCL-10and TRAIL were significantly increased aftervirus treatment
(CXCL-10: 0 pfuvs. 1 pfu, mean £ SEM 99 pg/ml + 68 pg/ml vs. 489 pg/ml + 109 pg/ml,
p=0.0227; TRAIL: 28 pg/ml + 28 pg/ml vs. 167 pg/ml £ 37 pg/ml, p=0.0218; Figure 3.8b and
Figure 3.8c). There was a trend forincreased cytokine release in responseto virus when using
cryopreserved PBMCs but this was not significant. Levels of IFN-y were increased from both
fresh and cryopreserved PBMCs in response to stimulation with reovirus, though this did not

reach statistical significance (Figure 3.8d).
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Figure 3.8 Release of cytokines from fresh and cryopreserved PBMCs in response to viral
stimulation

PBMCs were isolated from cones and used fresh or following cryopreservation. PBMCs
were treated with 0 or 1 pfu/cell reovirus and incubated overnight. Cell-free supernatants
were collected and cytokine/chemokine release was analysed using ELISA. Graphs show
secretion of IFN-a (a), CXCL-10(b), TRAIL (c) and IFN-y (d) (n=4).

In these conditions, there appears to be anincrease in cytokine release from both fresh and

cryopreserved PBMCsinresponse to stimuli; however, the response could potentially be

blunted from cryopreserved cells.

3.2.2.4 Immunophenotyping of reovirus-activated PBMCs is maintained following

cryopreservation

Our lab has previously validated that the expression of various identification and activation
markers are comparable on fresh and cryopreserved PBMCs (personal communication, data

not shown). Immune cell populations were identified as shownin Table 2.5 and following
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immunophenotyping, flow cytometry was used to determine the expression of activation
markers on the cell surface inresponse toviral activation. These previous investigations were
extendedtodeterminewhether PBMCs could be used immediately on thawing (‘same day’) or
whetheraperiod of incubation priortoimmunophenotyping (‘rested’) could optimise the
expression of activation markers of interest. The frequency of specificcell populations was
monitored using identification surface markers. Additionally, cellular activation was measured
using other markers (such as CD69). Most immune markers, including CD3, CD4 and CD8 were
reproducible in both conditions (‘same-day’ and ‘rested’) (Figure 3.9a). Thisalso applied to
smallerimmune cell populations, such as NK cellsand B cells (Figure 3.9b). The only exception
to thiswas inthe CD14+ monocyte population. While there was no significant differencein
untreated monocytes left resting overnight, stimulation of the PBMC population with reovirus
lead to a significantloss of monocytes: Opfu vs. 1pfu ‘rested’ 64.5 % vs. 14.6 %, p=0.0154; 1pfu
‘same-day’ vs. 1pfu ‘rested’ 71.8 % vs. 14.6 % , p=0.0052.

71



(a) CD3/CD4/CDS8 cells

1009
Bl opfu Same Day
80 1 Bl 1pfu Same Day
c
2 Bl Opfu Rested
c 601
3 Bl 1pfu Rested
o
o 40 -
o
<
204
0-
& ™ ®
00 OO CJO
(b) NKcell populations, yé Tcells and B cells (c) Monocytes
201
* %
100 7 1
*
- 154 80 1
° <
= °
=z S 60
= s
= 10 g-
o -
o ;_ 40
o S
S 51 201
0
O -
N N ) ) & &
X X
© S \0;0 6\6\ &OQ‘ o 0@@ 0&@ @ @
Q Q N o 9) % % <O N
@) @) “ S > > Q Q
A x\ @b Q S D K Q N
S > o o N N
o O o

Figure 3.9 Frequency of cell populationsin cryopreserved PBMCs used immediately on
thawing (‘same day’) or rested overnight (‘rested’) before immunophenotyping

PBMCs were isolated from cones, treated with Oor 1 pfu/cell reovirus and incubated
overnight before cryopreservation. Following thawing they were either
immunophenotyped immediately(‘same-day’) or rested overnightand used the following
day (‘rested’). Expression of cell surface markers CD3, CD4 and CD8 was determined by flow
cytometry (a). Similarly, the expression of CD56 (NK cells), CD3/CD56 (NKT cells), CD56
brightand CD56 dim (NK cells), y6 TCR(y8 T cells) and CD19 (B Cells) was determined (b).
Expression of CD14 was also determined by flow cytometry (c) (n=4).
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There was evidence of immune cellactivation across all cell typesin response to reovirus, as
demonstrated by increased CD69 expression. Once again this was reproducible whether
PBMCs had been thawed forimmediate use inthe assay, orrested overnight before

immunophenotyping (Figure 3.10).
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Figure 3.10 Expression of the activation marker CD69 on PBMCs activated with reovirus

PBMCs were isolated from cones, treated with Oor 1 pfu/cell reovirus and incubated
overnight before cryopreservation. Following thawing they were either
immunophenotyped immediately(‘same-day’) or rested overnight and used the following
day (‘rested’). Expression of CD69 on immune cell sub-populations was determined by flow
cytometry. Graphs show the percentage of positive cells (n=4). For p values see Appendix
Table 8.2)

If the percentage of positive cells within a population was universally high (Figure 3.11a) then
RMS was used to determine the magnitude of expression of that particular marker on all cells.

Usingthis method there was, indeed, anincrease in response to reovirus (CCR7 on CD3/CD4+
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cells, 0 pfu/cell vs. 1 pfu/cell, ‘sameday’ 28.9vs. 33.6, p=0.0078; ‘rested’ 28.5 vs. 40.7,
p=0.0323, Figure 3.11b).
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Figure 3.11 Expression of identification and activation cell surface markers on immune
cell populationsin response to reovirus

PBMCs were isolated from cones, treated with Oor 1 pfu/cell reovirus and incubated
overnight before cryopreservation. Following thawing they were either
immunophenotyped immediately(‘same-day’) or rested overnightand used the following
day (‘rested’). Expression of CCR7 on CD4+ T cells was determined by flow cytometry and is
shown as percentage of positivecells (a) and RMS (b); (n=4).

There was no significant difference in the percentage of CCR7 positive CD8+T cells, NK cells,
CD56 bright NK cells, NKT cells and y&T cellsinvestigated in either PBMC condition (‘same-day’
and ‘rested’) (data not shown). With the exception of CD4+ T cells (Figure 3.11b), CCR7
expression measured by RMS did not significantlychange on any of the other cell populations,

inany condition (‘same-day’ vs. ‘rested’, Opfu vs. 1pfu, data not shown).

When assessing the percentage positive population, there was no appreciable difference
between HLA-DR or CD86 expression on B cells and monocytes treated with reovirus (data not
shown). Once again this was reproducible whether PBMCs had been rested or not before
treatmentwith reovirus (data not shown). Similarly, when expression of HLA-DR was assessed

by RMS, there was no demonstrable difference between expression of eitheron B cells or
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monocytesin any of the tested conditions (datanot shown). The same was true for CD86
expression on B cells. However, there was asignificantincrease in CD86 expressionon
monocytes which had been activated with reovirus, in both the ‘same-day and ‘rested’
conditions (Opfuvs. 1 pfu, ‘same day’ 4.7 vs. 7.9, p=0.0415; ‘rested’ 6.2 vs. 22.5, p=0.0474;
Figure 3.12). There was no significant difference in expression of CD86 between cells that
were used same day compared to those rested overnight within the reovirus treatment

conditions (Opfu and 1pfu).

CD86 (RMS)
40 7
= *
£ —
» 304
=
R
K
2 201
() *
k- I 1
T 10
)
o
04
2 ) &b \eb
& &7 s <
o o N N
& & Q ~

Figure 3.12 Expression of CD86 on monocytesin response to reovirus

PBMCs were isolated from cones, treated with Oor 1 pfu/cell reovirus and incubated
overnight before cryopreservation. Following thawing they were either
immunophenotyped immediately(‘same-day’) or rested overnight and used the following
day (‘rested’). Expression of CD86 using RMS was determined by flow cytometry (n=4).

In conclusion, these dataindicate thatimmunophenotyping of cryopreserved PBMCs is
reliable for the identification and evaluation of activated PBMC sub-populations. Analysis of
PBMCs by immunophenotyping was reproducible whether cells were used immediately or
rested overnight. Although the monocyte population was diminished by resting overnight,
especially when cells were stimulated with reovirus, differences in the expression of activation

markers could still be determined.
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3.2.3 Functional Analysis of Clinical Trial Samples: Validating ELISpot Assays

Measurement of adaptive immune responses to antigen stimulation can be determined by
IFN-y production by T cells. ELISpot assays are an extremelysensitive assay and IFN-y
responses have been shown to correlate with outcome and survival in arange of cancers.
However, due to the multiple stepsinvolved and the sensitivity of the assay, standardisation

of the protocol isneededin orderto ensure the results are reliableand reproducible.

3.2.3.1 Pooled viral peptides at optimal concentrations can detect recall T cell

responsesin ELISpot assays

ELISpotassays can be used to determine Tcell responses to TAAs (forexample CEA or MART-
1) or the CEF viral peptide pool, as measured by IFN-y SFUs. Cryopreserved PBMCs were
thawed and rested for2 hours prior to use in ELISpot assays. Rested PBMCs were incubated
overnight on a ELISpot plate with either negative control (complete RPMI, Table 2.2), CEF viral
peptide pools or TAA peptide pools. When PBMCs were incubated with increasing
concentrations of CEF peptide pool, there wasaclearincreaseinT cell responsesinadose -
dependent manner compared to the negative control (Figure 3.13). These dataindicated that
CEF peptide should be used atadose of 2 ug/ml infuture experiments. Itis also apparent that

CEF can beenused as a reliable positive control in future ELISpot assays.

(a) Figure 3.13 IFN-y T cell responses to viral peptide pool
PBMCs were isolated from cones and cryopreserved.
On thawing, they were incubated for 2 hours at 37 °C
(b) 5 v id incomplete RPMI. Following this, they were incubated
el ¥ T alone (negative control) or with increasing
A S FEE ¢ ' concentrations of CEF peptide ata density of 1x10°
: ' =3 o cells perwell. Images (in duplicate) show examples of
the T cell responses to: (a) negative control (b) CEF
(o) [gam>N | -.vT‘ peptide at0.2 pg/ml and (c) 2 pg/ml.
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3.2.3.2 Incubating PBMCs at high density prior to ELISpot assays does not increase

T cell responses to peptide pools

Previous studies have suggested that pre-incubation of cells at high densities for 2days prior
to usein ELISpot assays enhanced the detection of Tcell responses to antigen/peptide (299).
We tested this within oursystem and compared PBMCs thawed forimmediate use and PBMCs

that were cultured ata high density prior to use.

Incubating thawed PBMCs at 1x107/ml for 48 hours priorto use inthe ELISpot assay notonly
resultedinaloss of viable cells (datanot shown) but did notenhance the response of Tcells
to peptide pools (Figure 3.14). In fact, pre-incubationin this manneronly served to

dramatically reduce the numberof responding T cells.

' y Figure 3.14 IFN-y T cell responses to CEF viral peptide
(@ | e SRR | T pool following pre-incubation of PBMCs

PBMCs were isolated and cryopreserved. Onthawing,

- ‘ they were incubated at high density (1x10’/ml) for 48
v‘ hoursat 37 °Cincomplete RPMl or usedimmediately.

(b) |2 : ,’,-* G’,’ . :',"_ Images (in duplicate) show examples of the T cell
' ‘ il TR responses to 2 ug/ml CEF peptide when cells were: (a)
pre-incubated for48hours or (b) used immediately.

To confirmthis effectis consistent when using cryopreserved PBMCs from patients (rather
than HDs), ELISpot assays were performed using similar conditions of pre-incubation of
patient PBMCs. In addition, acomparison of cell densities (1x10° PBMCs/well and 3x10°
PBMCs/well) within the ELISpot wells was performed to determine the optimum cell number
required forthe assay. As before, pre-incubating PBMCs at high density for 48 hours priorto
use inthe assay diminished (ratherthan enhanced)the detection of Tcell responses (as
shown by a lower number of IFN-y SFU, Figure 3.15a and Figure 3.15d). Using PBMCs
immediately following thawing led to the detection of afar higher number of T cell responses
but at increased cell densities the background levels were elevated enough to conceal the
individual SFUs (Figure 3.15f). Pre-incubating the cells for 24 hours (vs. 48 hours) priorto
exposure to peptide pools (at both densities of PBMCs/well) seemed to enhance the detection

of T cell responses without reaching excessive levels (Figure 3.15b and Figure 3.15e).
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Figure 3.15 PatientIFN-y T cell responses to viral peptide pool following high-density pre-
incubation of PBMCs

PBMCs were isolated from patients with metastatic colon cancer priorto chemotherapy
and cryopreserved. On thawing, they were incubated at high density (1x107/ml) for 24 or 48
hours or used immediately. Images (in duplicate) show examples of Tcell response to 2
ug/ml CEF peptide at cell densities of 1x10°/well (a- c) and 3x10°/well (d-f); (a + d) pre-
incubatedfor48 hours, (b + e) pre-incubated for 24 hours or (c + f) used immediately.

To determine the response to TAAs, PBMCs isolated from the blood of melanoma or CRC
patients were used in an ELISpot assay with MART-1 and CEA peptide pools, respectively, as
immune stimuli. Cryopreserved PBMCs were thawed and incubated at a density of 1x10° -
4x10° PBMCs/well with the peptide pool overnight. There was no detrimental effect from
using higher concentrations of TAA peptidepool (e.g. 1 ug/ml CEA peptide vs. 2 pg/ml CEA
peptide, Figure 3.16). Increasing cell density beyond 2x10° PBMCs/well did notincrease Tcell

responses (datanotshown).
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Figure 3.16 PatientIFN-y T cell responses to CEA

PBMCs were isolated from patients with metastatic CRCand cryopreserved. On thawing,
they were incubated at high density (1x107/ml) for 24 or 48 hours or used immediately.
Example images (in duplicate) show Tcell responses (at adensity of 1x10° PBMC/well when
thawed cells were used immediately) to CEA peptide at 1 ug/ml (a) and 2 pg/ml (b).

In conclusion, ELISpot assays are a robust method to detect antigen-specific T cells, eitherina
pan recall response to previously encountered viral peptides or against TAAs when analysing
PBMCs from cancer patients. Pre-incubating PBMCs at high density for 48 hours, afterbeing
thawed and prior to use inthe assay, does not seemto enhance the detection of Tcell
responses. Pre-incubating cells for 24 hours, however, may mean that differential levels of
response to antigen could be detected across a heterogenous group of patients. This method
of preparingcellsforuse would be more in keeping with the other assays and allow batch
analysis after 24 hours incubation. Finally, we have shown that peptide pools derived from

TAAs can also be used to detect tumour-specific T cell responsesin patients.
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3.3 Immune Assay Validation: Discussion

In clinical trials of novel anti-cancer agents, includingimmunotherapy, thereis growing
interestintranslational biological outcomes. In orderto gatherdata about the effect of these
therapiesonthe immune system and the validation of potential biomarkers, large numbers of
clinical blood samples need to be collected and analysed. In previous clinical trialsin ourlab,
PBMCs from donor blood samples have beenisolated and analysed onthe same day. Aside
from beingvery time-and resource-intensive, this can also add variability into sample analysis
and isimpractical foranything otherthanimmunophenotyping panels, where cells can be
stained and fixed to preserve integrity. Batch analysis of these samples, following
cryopreservation, in validated immune assays will ensurethatinformation collected is

accurate, reproducible and meaningful.

Following cryopreservation and thawing of clinical samples, the recovery (% yield) of viable
cellsrequires assessment. Trypan Blue was routinely used to calculate the proportion of viable
immune cellsinthese validation experiments. Verification of this method with Pl staining
illustrated that Trypan Blue exclusion was highlyaccurate and determined that over 90 %

were viable cells, atrend seen across different donors (Figure 3.1).

Theyield ofimmune cellsisolated from clinical samples must be maximised, especially if
patients are undergoing chemotherapy where adropin cell countsis anticipated. Ourdata
shows that when cryopreserved as a whole population, WBCs have a poorrate of recoveryon
thawing (Figure 3.2a). Thisislikely due to the presence of granulocytes within the population,
which whenthawed, lyse and release products which damage otherimmune cells, an
observation which is supported by other published data (269). Conversely, the recovery of
viable cellsisincreased when the PBMC populationis separated fromthe granulocytes and
frozeninisolation (Figure 3.2b). Exposure of the PBMC population to granulocytes, as the
result of a prolonged period of time between sample collection and PBMCisolation (within
blood sample collection tubes), has been shown to attenuate Tcell responsesin subsequent
immune assays (300). For this reason, blood samples should be processed as soon as possible
following venepuncture and cryopreserved as PBMCs, rather than mixed whole WBCs, to
optimise both the yield and functionality of viable cells. We therefore aimed to processall

clinical samples within 2 hours of venepuncture.

Traditionally,leucocyte cones from HDs have been used to source PBMC populations for use

inthe lab, due to the highyield of PBMCs from each cone and ease of access. It was notablein
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our data that the recovery of cryopreserved PBMCs isolated from HD leucocyte cones was
higherthan those isolated from fresh donor blood samples (Figure 3.3). The leucocytes cones
do not contain granulocytes and, as such, there is no contact with PBMCs ex vivo. Hence, the
viability of patient clinical samples are likely to have been affected by the presence of
granulocytes despite being processed as soon as possible. Consequently, the conditions for
the cryopreservation of PBMCs were optimised using fresh blood samples from this point

onwards.

We observed that usingastandard FM of 10 % DMSO/FCSyielded a higher proportion of
viable cellswhen compared to FM using complete RPMI (Figure 3.2). Otherstudies
investigating the optimum FMto use when cryopreserving PBMCs have found little difference
between the use of RPMI or FCS-based FM (243). In addition, ourdata indicated that
increasing the percentage of DMSOin the FM to 20 % did not negatively affect cell recovery,
unlike othergroups such as Nazarpour et al. (Figure 3.2, (272)). This data also showed that the
use of FM containing pooled human AB serum (clinical FM, Table 2.3) was similar to standard
FM interms of the percentage of PBMCs recovered following cryopreservation ( Figure 3.4).
Thisis in contrast to data published by Disis et al, who observed diminished viability of PBMC
following cryopreservationin FM containing HS (278). These studies, however, did notinclude
functional analysis of PBMCs cryopreserved in FM containing HS. Personal communication
with othergroups has supported the use of HS-containing FMin maintaining functional
activity of PBMCs. As such, clinical FMwas carried forward and used throughout further

investigations.

Cell recovery was enhanced by increasing the freezing density of PBMCs (Figure 3.3and
Figure 3.4). There appearsto be noconsensus onthisin published dataand othergroups have
used freezing densities of between 3x10° PBMC/ml and 3x10” PBMC/ml to store samples for
analysis (275,276,278). However, the density of PBMCs should be balanced between
optimising cellviability and ensuring that all assays can be performed asrequired, so thatan
appropriate number of vials can be thawed as needed foranalysis without unneces sary waste
of precious clinical samples. As such, following these observations, PBMCs collected during
subsequent studies were cryopreserved at a density of 1x107 cells/mlin clinical FM: a
concentration which has been used successfullyin anumber of otherstudies (282,290) and

yielded ahigh percentage of viablecellsin ourdata (Figure 3.4).

Both *'Crrelease and degranulation assays were performed using reovirus as an activation

stimulus forfresh PBMCs, against tumourtargets. Lysis of target cells was significantly
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increased by activation of PBMCs with reovirus. This effect was shown to be comparable for

PBMCs which had been cryopreserved priorto use (Figure 3.5).

Similarly, reovirus increased baseline CD107 expression compared to untreated controls on T,
NKand NKT cellsto varying extents (Figure 3.6). NK cells constituted the highest proportion of
degranulating cells compared to NKTand T cells, indicating that this populationis responsible
for lysis of targets observed. CD107 expression and the enhancing effect of reovirusis also
comparable between fresh and previously frozen PBMCs (Figure 3.6and Figure 3.7). Published
data has shown similar findings and therefore support our findings thatinnate immune cell
assays can be performed using previously cryopreserved cells (271,276), as they are

representative of freshlyisolated cells in theirresponse toimmune stimulus.

There was evidence of cytokine/chemokine release in response to reovirus in supernatants
from both cryopreserved and fresh PBMCs (Figure 3.8). This was variable across all
cytokines/chemokines tested. Asseenininnateimmuneassays, the absolute levels of solutes
detected when using frozen samples were diminished compared to those found in fresh cell-
culture supernatants butthe trends were highly significantand representative of the fresh
samples. Studies have shown that levels of cytokines produced by thawed PBMCs in culture
are variable, depending on the cytokine and whetherthe cells have been re -stimulated or not
(286,297). Activation of PBMCs duringthawing, variationsinthe initial cryopreservation
process and death of particularimmune cell sub-populations duringany pointin the freeze-

thaw cycle are just some of the reasons why levels of cytokines may vary.

Previous work in ourlaboratory has determined that activation ofimmune cell subsets after
cryopreservation is comparableto fresh cells where immunophenotyping was performed
immediately following collection of the sample (personal communication). This echoes
findingsin otherstudies, wherethe sub-populations of immune cells within PBMCs remain
comparable tothose presentinthe same samplesfollowing cryopreservation (301). In our
investigations, PBMCs stimulated with reovirus before cryopreservation werethawed and
eitheranalysed immediately or following overnightincubation (‘rested’). In both scenarios,
the absolute frequencies of populations such as CD4, CD3 and CD8 were reliableand

comparable (Figure 3.9) with the exception of the CD14+ monocyte population (Figure 3.9c).

Reovirus could activate all sub-populations of cells analysed: expression of the activation
marker CD69 was significantly increased with reovirus, whether or not PBMCs had been

rested afterthawing (Figure 3.10). Likewise, CCR7 (Figure 3.11) was up-regulated on some
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cellsfollowing treatment with reovirus. These data collectively show that cryopreserved cells
are comparable to fresh cells when evaluated by immunophenotyping for cell activation by
reovirus and that cells can be rested overnight priorto analysis. Although the absolute
percentages of marker expression are lowerin previously frozen samples, the capacity to
become activated afterviral stimulation remained. The observed decrease in cytokine
production between fresh and cryopreserved PBMCs, although proportional, may explain why
absolute levels of immunecell activation (such as CD69 expression or NK cell
degranulation/cytotoxicity) is decreased in previously frozen cells (286) as cellularactivationis

linked to the presence of certain cytokines.

As part of the panel of assays which evaluate immune responses in patients, ELISpot can be
usedto determine the Tcell responseto TAAs (anti-tumourresponse) and viral peptide pools
(pan-recall response). Using cryopreserved PBMCs, there was a dose-dependent response to
CEF viral peptide pools, with 2 ug/ml being the optimum concentration that was carried
forwardintothe analysis of trial samples (Figure 3.13). There is some suggestion thatin order
to enhance the detection of Tcell responses to antigen stimulation, thawed PBMCs should be
incubated at high density priorto beingusedin ELISpot assays (299). It is suggested thatthis
mimics a tissue-like environment, where Tcells are activated through interaction with other
cell populations, thereby increasing T cell function and antigen recognition. This process can
alsoleadto a purer population of functional immune cells, due to the loss of dysfunctional
cellsundergoing apoptosis following thawing (286). In our studies, however, incubating
PBMCs at high density for 24-48 hours prior to analysis led to attenuated T cell responses
(Figure 3.14 and Figure 3.15). Variability amongst donors to antigen stimulation, both before
and afterresting, implies thatthe effect of pre-incubationis not predictable or uniformand
othergroups have also found this to be true (289). Due to the heterogeneity of the response
to viral and tumourantigens between patients, Tcell responses from samplesincubated for
48 hours before use may be too low to detectin some situations (Figure 3.15). Similarly, if
samples are used immediately upon thawing, then responsesin some patients may be too
numerous to accurately calculate. These data also demonstrate an elevated response when
the density of PBMCs seeded into each ELISpot well was increased. Furthermore, when using
TAA peptide pools (CEA and MART-1), pre-incubation of PBMCs following thawing priorto the
ELISpotassay did not enhance Tcell responses (Figure 3.16). Optimising an assay that
demonstrates such inter-patient variability requires focus on trying to maximise the ‘signal to

noise’ ratio. As such, the following conditions were shown to be most effective: a density of
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2x10° PBMCs/well, following resting of these PBMCs overnight and stimulation of the Tcells

with a concentration of peptide poolsat2 ug/mil.

In summary, peripheralblood samples from patients can successfully be cryopreserved for
subsequent batch analysis. Although the magnitudein responsetoimmune stimuliislowerin
previously cryopreserved cells, this should not affect the overallresults when samples are
analysed overtime and where the responseto treatmentis compared to a baseline sample
fromthe same patient. The use of optimised and validated protocols willensurethat the
viability of cryopreserved samples is maximised and that a highyield of viable cells are
recovered onthawing. We have also demonstrated procedures for optimising PBMCs for use
inmultiple assays: beingable to prepare the cellsin similar ways reduces the number of cells
beingwasted and increases the number of experimental conditions possible foreach clinical
sample, thereby maximising the translational output within a given study. The utilisation of
robust SOPs for the investigation and interrogation of immune response willensurethat these
assays can be performed on many clinical trial samples, potentially across multiplessites, with

a high degree of accuracy and reproducibility.

As part of this project, these assays were used to analyse the immune responseto treatment
in patients receivingfirst-line chemotherapy for CRCand patients receivingimmunotherapy

for metastaticmelanoma (Chapter4and Chapter5).

84



Chapter 4 Neutrophil Lymphocyte Ratio

4.1 Introduction
4.1.1 Colorectal Cancer

CRCiscurrently the fourth most common inthe UK (302), with over 40,000 new cases and
15,000 deaths peryear. The Dukes staging system has traditionally been used to stage CRC
but the American Joint Committee on Cancer (AJCC) or Tumour Node Metastasis (TNM)
staging can also be used to help guide management decisions (303). A screening programme
involving the use of faecal occult blood tests was initiated in 2006 for those aged between 60
and 74 (304) and participants with an abnormal test are invited for colonoscopy. Of the 11.6 %
of menand 7.8 % of womeninwhom CRCis detected, over 70% will have early stage disease
(Dukes A or B: LN negative, Table 4.1) (304). The definitive management for potentially
resectable disease is surgery, after which long-term outcome is dependent on stage, witha
five-yearsurvival of 85% - 95 % for stage | disease andto 30 % - 60 % forstage Il (Dukes C: LN
positive disease, Table 4.1). Risk factors for CRC include chronicinflammation (such as
inflammatory bowel disease), high fat ‘Western’ diet, obesity, alcohol excess and smoking,
which may explain the increasingincidence in recentyears (305). Symptoms mayinclude
lowerabdominal pain, rectal bleeding, iron deficiency anaemia, change in bowel habitor
weightloss. Asthe majority of tumours are left-sided (in the sigmoid colon orrectum), most
are diagnosed on colonoscopy or sigmoidoscopy. For patients who are frail and cann ot
tolerate acolonoscopy, computerised tomography colonoscopy can be offered as a screening
tool but a definitive tissue biopsy may still be sought to assist with diagnosis and management
plans (306). Dependent ontumour staging, management with curative intentcanalsoinclude
neoadjuvantoradjuvant chemotherapyin additionto surgery. In the presence of
oligometastaticdisease, such as liver or lung metastases, surgical resection can still be utilised
to improve outcome and prognosis. Local ablative therapies, such asthe use of
chemoablation, can also be useful in these patients. In the management of metastatic disease,
performance status, quality of lifeand potential toxicities should be considered priorto

commencing palliative chemotherapy.
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4.1.2 Pathology and Staging of CRC

Staging of CRC is determined usingthe TNMmodel, which also corresponds to tumour stage
(stage I-IV or Dukes staging A-C, Table 4.1) and can be used to guide managementdecisions.
Although the AJCC staging has recently been updated to the 8" Edition, the 7" edition was

used at the time of our study.

Table 4.1 TNM and Dukes staging of colorectal cancer (adapted from 7t American Joint
Committee on Cancer, AJCC) (303)

| Stage DukesStage | Tumour Tumour stage

I A T1 Invading submucosa
T2 Invading muscularis propria

I B 3 Invades through mgscularis into pericolonic

tissues
T4a Invades to the surface of the visceral peritoneum
Tab Invades into or adherent to other organs or
structures
| Nodal Status Number of Metastatic Nodes

i C N1la 1 regional LNs

N1b 2-3 regional LN

Tumour deposits in mesentery or nonperitoneal

Nic tissue without LNs
N2a 4-6 regional LNs
N2b > 7 regional LNs
\ | Metastases Site
v i Mia Metastases in one qrgan orsite (liver, lung, non-
regional LN etc.)
Mib Metastases in more than 1 organ/site or

peritoneal disease

CRC arises fromthe bowel mucosaand can be proceeded by anumber of mutations which
contribute tothe development of the disease. The World Health Organisation (WHO)
histological classification describes the different pathological subtypes of tumours of the colon
and rectum (305). In addition to benign adenomas, neuroendocrine tumours and non-

epithelial tumours (including lymphoma), colonic epithelial tumours can be classified as:

e Adenocarcinoma e  Mucinous Adenocarcinoma
e  Signet-ringcellcarcinoma e Smallcell carcinoma

e  Squamouscell carcinoma e Adenosquamous carcinoma
e  Medullary carcinoma e Undifferentiated carcinoma
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In addition, there are anumber of geneticmutations which contributeto carcinogenesisand
the development of colorectal tumours, including the tumour suppressor genes adenomatous
polyposis coli (APC), p53and KRAS (307—309). Mutationsin APC lead to familial adenomatous
polyposis: the usual regulatory function of APCin preventing abnormal cellular growth is
abrogated and this leads to the abnormal development of polyps which can become
malignant. The function of p53 (also called ‘the guardian of the genome’)isto detect DNA
damage within the cell and eitherrepairitorinitiate apoptosis. Loss of p53 therefore allows
the proliferation of geneticallyabnormal cells with high malignant potential and mutationsin
p53 are associated with a range of cancers, including the development of CRC. In contrast,
activating mutationsin KRAS leads to upregulation inintracellularsignalling pathways, such as
MAPK, initiating abnormal cell proliferation and survival. Sequential mutationsin APC, KRAS
and p53 therefore lead to the development of dysplasticadenomas which consequently
transforminto carcinomas (308). Other common mutations detected in CRCinclude BRAF,
PIK3CA (which encodes forthe phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) protein,
part of the PI3K/AKT signalling pathway) and the WNT signalling pathways (310). Animportant
sub-population of CRCs are those tumours which exhibit defects in mismatch repair (MMR) as
a result of mutationsin genessuchas MLH1, MSH2 and MSH6. Mutationsinthese genes allow
the accumulation of small sections of nucleotide repeat sequences (microsatellites) which
increase the mutational load of the cell and predisposeto the development of microsatellite
instable (MSI) CRC. These tumours are also known to have a higherincidence of BRAF
mutations (311). Analysis of CRCsamples from different areas of the bowel reveal a pattern of
different mutational profiles relative to location of the tumour. Analysis of mutational
signatures of 1443 colonictumoursamplesrevealed that the incidence of MSI CRCand th ose
with BRAF mutations was highestin the ascending colon and reduces along the bowel to the
rectum (310). The highestincidence of KRAS mutations was found in the caecum (310). More
recently, CRChas been furtherdelineated into four consensus molecular subtypes (CMS): CMS
1 (MSI with BRAF mutations and immune infiltrates), CMS 2 (‘canonical’ subtype and the most
prevalent; may have mutationsin WNT pathway), CMS 3 (‘metabolic’ subtype with KRAS
mutations) and CMS 4 (activation of pathways including TGF-B signallingand VEGF;

inflammatory aetiologywith poora prognosis) (312).

Understanding the molecular basis of CRC helps us to appreciate thatitis not a singular
disease and focuses management. As an example, MSI CRCis the only molecular subtype

which responds toimmunotherapy. Conversely, tumour with mutationsin KRAS do not
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respond to therapy with EGFR inhibitors. As EGFRis found on the cell surface andis upstream
of the MAPK pathway (whichincludes RAS), activating mutations of the KRAS isoform
stimulates thisintracellularsignalling pathway in the absence of EGRF activation. Blocking

EGFR in thissituationisthereforeineffective.

4.1.2.1 Immune Response and Microsatellite Instability

MSl is foundinup to 15 % of CRC and isdue to MMR (313). Thisis due to eithergermline
mutationsin MMR genes orhypermethylation and epigeneticsilencing of genes such as
MLH1, MSH2 and MSH6. During DNA replication, mismatches between the two strands of
DNA can occur (forexample due to erroneous insertion of nucleotides inthe daughter DNA
replication strand causing frameshift mutations) (314). MMR proteins recognise the mismatch
(suchas pairing guanine with thymineinstead of cytosine)and form a complex (usually by
bindingto other MMR proteins) which excises, resynthesises and replaces the abnormal
section of DNA (314). Abnormalitiesinthe MMR gene lead to an accumulation of
microsatellites: small sections of nucleotide repeats which are usually present throughout the
genome butinthe case of tumours deficientin MMR (dMMR), lead to increased mutational
load and are associated with anumber of cancers. Germline mutationsin MMR genes are
specifically associated with familial CRCsuch as hereditary nonpolyposis CRC (also known as
Lynch Syndrome) (315). CRCs with dMMR/MSI have a number of molecularand pathological
features:i) atendency for proximal tumours diagnosed at a younger age and earlierstage; ii)
an increased association with mutationsinthe BRAFtumoursuppressorgene (particularly in
sporadicdMMR cancers) and iii) higher grade at presentation and increased lymphocytic
infiltration of tumours when compared to microsatellite stable (MSS) CRCs proficientin MMR
(PMMR) (311). Although some studies have shown that dMMR tumours have a poorer
prognosisthan pMMR tumours (316), this conclusion may have been due to co-existing BRAF
mutations withinthe dMMR group. In the combined analysis of 3063 patients with metastatic
CRC (mCRC) from fourlarge clinical trials, patients with dMMR demonstrated worse
progression-free survival (PFS)and OS compared to those with pMMR (hazard ratio (HR) 1.33
and 1.35, respectively) (316). However, within this large patient cohort, nearly 35 % of
patients with dMMR also had sporadicmutationsin BRAF. As such, there was no significant
difference in OS for patients with BRAF mutations and either pMMR or dMMR (0S 11.3
monthsvs. 11.7 months, respectively) (316). In a systematicreview of 32 studies reporting
outcomesin 7,642 patients with stage |-V disease, MSI CRC was been shown to have a better

prognosisthan MSS CRC, with a HR for OS of 0.65 (95 % confidence interval (Cl) 0.59to 0.71)
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(317). When consideringthese data, itis also worth noting that there is no standardised

method to determine dMMR/MSI status.

Thereisalso evidencethat dAMMR/MSI can predictresponse to chemotherapy, particularlyin
the adjuvant setting. If CRCwith dMMR has a better prognosis (as suggested by datafrom a
systematicreviewwhichincluded early stage patients (317)), the benefits of adjuvant
chemotherapy may be diminished, particularly in light of evidence that MSI CRC may be
resistantto 5-FU (318,319). Although tumours with dMMR can have a better outcome than
those with pMMR, the current standard-of-care does not differentiate when decisions are
made regarding adjuvant chemotherapy. Whilethere is also some evidence forabenefitin
giving adjuvant 5-FU-based chemotherapy to patients with dMMR, this may be limited to
patients with germline tumours (Lynch Syndrome), ratherthan sporadic mutations in MMR

genes(320).

Although CRCtumours expressinhibitory checkpoint ligands, early phase clinicaltrials of both
anti-PD-1and anti-PD-L1antibodies have so far proved disappointingin unselected patients
with mCRC(321,322). These results have been echoedin trials of anti-CTLA-4 antibodyin
MCRC patients (323). However, there is emerging evidence that checkpoint antibody therapy
may have efficacy in patients with MSI tumours, including the mCRC cohort (324). Although
tumourcell PD-L1 positivity has been shown to predict response to anti-PD-1therapy, lower
levels of expressionin unselected patients may explain why these therapies are not effective
inall cases of CRC (325). However, as tumours with dMMR/MSI express higherlevels of PD-L1,
this may be exploited inthe use ofimmunotherapyinthese CRCs. Given thatthe immune
milieu may have already primed an anti-tumourimmuneresponse in these cancers, itseems

rational that checkpointinhibitors may further enhance this effect.

4.1.3 Management of Localised Disease

The primary modality fortreatment of localised disease remains surgical resection. For
patients with borderline resectable disease (high TNMtumour status, close resection
margins), the National Institute for Health and Care Excellence (NICE) guidelines recommend
consideration of neo-adjuvant chemotherapy (306). Evidence regarding this is conflicting:
some published data supports the use of the anti-EGFR-antibody cetuximab with 5-FUand
irinotecan chemotherapy (FOLFIRI) in patients with KRAS wild-type (WT) tumours (326).
Although OSwas not increased in this randomised study, response rates (RRs) were increased

inthe group of KRAS-WT patients who received cetuximab. In contrast, more recent data has
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suggested that the addition of cetuximab to doublet chemotherapy (either FOLFIRI or 5-
FU/capecitabine with oxaliplatin) in the neoadjuvant setting decreases PFS (14.1 monthsin

cetuximab group vs. 20.5 months in chemotherapy alone group) (327).

Following surgery, patients with Dukes C disease or Dukes B with high risk features such as
vascularinvasion or presentation with perforated tumour, are considered for adjuvant
chemotherapy (306). In patients with resected stage |l disease, orthose who are over 70 years
of age, the addition of oxaliplatin to 5-FU (or the oral pro-drug capecitabine) offers no
increased benefitin terms of DFS or OS (328-330). In patients with LN-positive disease, the
addition of oxaliplatin to 5-FUin the adjuvant setting prolongs DFS (331-334).

4.1.4 Management of Advanced Disease

4.14.1 Chemotherapy

The management of mCRCis based around combinations of the cytotoxicagents oxaliplatin,
5-FU and irinotecan (335). Doublet 5-FU-based treatment has been shown to be superiorto
single-agent chemotherapy(336,337) but initial choice of regime (irinotecan/5-FU, FOLFIRI or
oxaliplatin/5-FU, FOLFOX) may depend on anumber of factors including potential toxicities,
patient co-morbidities and end-organ function. There is also evidence that patients receiving
FOLFOX with disease control and who have a normal platelet count (higher platelet counts
beingassociated with poorer prognosis (338)) can receive intermittent chemotherapy witha
treatmentbreak at 12 weeks (339). In a trial of nearly 800 patients, first-line chemotherapy
with FOLFOX was shown to be superiorto FOLFIRI in terms of time to progression (TTP), RR
and median OS (340). Conversely, an (albeit smaller) phase Ill trial of patients randomised to
FOLFOXfollowed on progression by FOLFIRI and vice versa, reported similar PFSin both
treatmentarms (341). In the group receiving first-line FOLFIRI, median PFS was 21.5 months
vs. 20.6 monthsinthe FOLFOX group. Similarly on second-line therapy, those receiving
FOLFOX had a median PFS of 14.2 months compared to 10.9 months forthose patients
receiving FOLFIRI (341). Although this may suggest a preference for FOLFIRI upfront, neither
difference in PFSwassignificantand current NICE guidelines suggest that either regime may
be usedfirst-line (306). Additional evidence from clinical trials following progression on first-
line chemotherapysupports the use of doublettherapy oversingleagent5-FUin patients with
a satisfactory performance status and adequate organ function (342). In patients who had

progressed on 5-FU-based combination therapy, singleagentirinotecanincreased OS
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compared to best supportive care but, surprisingly, was also shown to improve quality of life

and mostdisease-related symptoms (343).

4.14.2 Biological Therapy

The anti-EGFR-antibodies cetuximab or panitumumab can be used in KRAS-WT patientsin the
metastaticsettingin combination with either FOLFOX or FOLFIRI (306). The addition of
cetuximab significantly increases RRin patients with KRAS-WT tumours and reduces risk of
disease progression (HR0.57; p=0.00163) (344). Similarly, combination therapy with
cetuximab plus FOLFIRIincreases PFS, RRand OS (median OS 23.5 vs. 20.0 months, HR0.796,
p=0.0093) compared to FOLFIRlalone in patients without KRAS mutations asfirstline therapy
for mCRC(345). Similar results have been demonstrated in second-line therapy: patients
treated with cetuximab andirinotecan following progression on oxaliplatin and 5-FU
demonstrated anincreased PFS and RR compared to irinotecan alone (median PFS 4.0vs. 2.6
months; HR 0.692) (346). The addition of panitumumab toirinotecan as second-line therapy
has also been showntoimprove PFS but withoutanincrease in OS (347). Interestingly, there
isalso some evidence thatadding cetuximab toirinotecan can re-sensitise patients who have
previously progressed on irinotecan-based treatment regimes, with greater TTP and RR
observed. Despite this, therewas only amodest gainin median survival of justover 1.5

months (348).

Althoughthere is some evidence forthe addition of the anti-VEGF anti-angiogenic antibody
bevacizumabinthe management of mCRC, results from clinical trials have beenrelatively
modestandthereiscurrently no predictive biomarkerto select patients likely to respond to
anti-VEGF therapy. The addition of bevacizumab to first-line FOLFOX has been shown to
increase both PFSand OS by 1.4 months (349). Combining bevacizumab with FOLFIRI
demonstrated slightly more promising results, with a4.4 month improvementin PFSand an
increase in survival of 4.4 months (350). Similarly, the use of bevacizumab second-line
following progression on FOLFIRI was shown to extend survival by just overtwo months (12.9
months for patients receiving FOLFOX plus bevacizumab vs. 10.8 months for FOLFOX alone)
(351). Thereis also some evidencethatolder patients who may not tolerate furthertriplet

chemotherapy can benefit from bevacizumab plus capecitabine (352).

Direct comparisons between these biological therapies have generally favoured the addition
of anti-EGFR-antibodies, with combinations of FOLFIRI and cetuximab and FOLFOX plus

panitumumab conferring anincrease in OS compared to the same chemotherapy backbone
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with bevacizumab (353,354). Thisislikely due to the improved outcomes in KRAS-WT patients
whowere selected in these clinical trials to receive anti-EGFR therapy. The combination of
both cetuximab and bevacizumab to oxaliplatin and capecitabine (CAPOX) chemotherapy
leadsto shortened PFS compared to CAPOX and bevacizumab alone (355). Bevacizumab

containing chemotherapy is not currently recommended by NICE (306).

4.14.3 Targeted Therapy

The use of targeted, oral small moleculesin mCRCis still being investigated. Although initially
promising, clinical trials of the oral anti-VEGF TKI cediranib did not meet the criteriafor non-
inferiority compared to bevacizumab when combined with FOLFOX chemotherapy (356).
Regorafenibisanother TKI with multiple targetsincluding VEGF. Monotherapy with
regorafenib has been showntoincrease OS by 1.4 months when comparedto placeboina
pre-treated population of patients with mCRC (357). Despite the high incidence of adverse
events (AEs) in patients receiving regorafenib (93 %), 61 % of patients receiving placebo also
described AEs, a proportion of which may have been attributable to disease burdenin this

patient population.

4.1.4.4 Immunotherapy

Althoughthereis evidence regarding the role of both inflammation andimmuneresponsesin
the pathogenesis of CRC, responses of unselected patientsin this group have been
disappointing. Conversely, the use of checkpointinhibitorsin patients with dMMR colonic
tumours have shown more promise, with an objective RR of 40 % compared to 0 % in patients
with pMMR tumours (324). The median OSinthe pMMR group was five months but was not
metin the dMMR group. Although currently not used in routine practice, clinical trials to
confirm the utility of checkpointinhibitorsin dMMR mCRC are ongoing (NCT02060188,
NCT02563002). Early results are promising (358,359) and evaluationinto the use of anti-PD-1
antibodiesin CRCwith dMMR by NICEis also underway. The activity of anti-PD-1inhibitorsin
thissubset of CRCis likely attributable to a number of factors including the increased
infiltration of TILs into the TME of these tumours (360,361). The expression of inhibitory
moleculessuch as PD-L1 have also been shown be higherintumours withdMMR insome
studies (360,361), although otheranalyses of CRCtumours have found aninverse relationship

betweenthe dMMRand PD-L1 expression (362).
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Although there have been many advancesin the treatment of mCRC, current treatment
strategiesstill incorporate traditional cytotoxicchemotherapy with either FOLFIRI or FOLFOX,
sequentiallyfirst- and second-line, potentially with the addition of anti-EGFR therapyin
patients with KRAS-WT tumours. Othertherapies, including targeted agents and
immunotherapy are currently not used inroutine clinical practice, meaning that the age-
standardised one yearsurvival forstage IV CRCis still only 44 % for men and 35 % forwomen
(302). The success of drugs such as cetuximab and panitumumab beingincorporated into
treatment paradigmsis likely due to the availability of abiomarker (KRAS status) toselect
patients who can clearly benefit from therapy. The current project aims to further evaluate
the effect of standard of care chemotherapy onthe immune responsein CRC, inthe hope that

this will reveal the potential for further explorationinto novel immunotherapeuticstrategies.

4.1.5 Immune Response in CRC

4.1.5.1 Inflammation in CRC

Thereis a strongassociation between colonicinflammation and the development of CRC.
Indeed, IL-10 knockout mice, who develop intestinalinflammation and colitis, have a higher
mutational burden within the colon and are therefore predisposed to the development of
colonictumours (363). The role of inflammationin the pathogenesis of CRCisillustrated by
the results of multiple clinical studies of anti-inflammatory drugs such as aspirin. Datafrom 5
randomised trials with a prolonged follow-up of 20 years demonstrated that prophylactic
aspirinleadstoa reduced risk of developing CRC(HR0.76, (95 % Cl 0.6-0.96, p=0.02). There
was also a confirmed decrease in CRC mortality (HR 0-65, 95 % Cl 0-48-0-88, p=0-005) (364).
Cyclooxygenase-2 (COX-2) isan enzyme thatisinvolvedin the production of prostaglandins as
part of the inflammatory process anditis through the inhibition of COX-2that aspirin may
exertit'santi-inflammatory effect. COX-2is upregulated in adenocarcinomas of the colon and

has also been linked to tumour angiogenesis (365).

Understandingthe immune landscape in CRC, the immunogenicfeatures of inflammation and
the potential prognostic markersin CRC, including the NLR, will help us to understand how the
modulation of immune function in response to chemotherapy could potentially be exploited

inthe development of novel therapies.
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4.1.5.2 Immune Infiltrates in the Tumour

The balance between pro-immune and immunosuppressive infiltrates within the TME can
have a striking effect on prognosisin CRC. Histopathological staining and co-localisation of
immune cells can provide information regarding outcome and survivalin CRCs (42).
Specifically, primary tumours from CRC patients without disease recurrence are shown to
have greater densities of CD3/CD8+ T cells compared to those who subsequently relapsed.
Granzyme B positivity is also associated with increased survival (42,366). Similarly, immune
infiltration of CRCtumours (367), increased CTLinfiltration and infiltration of CD8+and
memory T cells (368) are associated withimprovementsin DFSand OS. This raisesthe
possibility thatimmune infiltration in the tumour could have potentialas a prognostic
biomarker, perhapsin patients who have early-stage disease being considered for adjuvant
chemotherapy. Although aT,1 gene expression profilein CRCtumoursis predictive of
improved outcome, no suchrelationshipis seen with aT,2 gene profile, which could be

postulatedto confera worse outlook (33).

Immunoscore®isasystem foranalysing and categorisingimmune infiltratesin the core (CT)
and invasive margin (IM) of tumours, through immunohistochemistry of formalin-fixed,
paraffin-embedded (FFPE) tumour blocks. The densityand distribution of CD3+and CD8+ cells
withinthe TME are then analysed and an Immunoscore® generated of between zero and four
(with zero beingthe lowestlevelof immune cell infiltration and cell density and four the
highest) (369). MSI tumours, which by definition have a higher mutational load and potentially
higher numbers of tumourneo-antigens to generate animmune response, generally have a
higherImmunoscore®, increased infiltration of Ty1 cells and, pertinently, higherlevels of cells
expressing of PD-1and PD-L1(370,371). In keeping with this, MSI tumours also have increased
expression ofimmune genes such as those involved in antigen presentation, cytokine
signallingand IFN-y pathways, amongst others. Although patients with MSI CRC have an
improved prognosis, there is datato suggest that this may be a reflection of the immune
response inthese patients: MSl tumours generally have a higher Immunoscore® butan
improved disease-specificsurvival was also seenin patients with a score of four comparedto
zero, whichincluded those with MSS tumours (370). Increased PD-1/PD-L1 expression was

alsoseenin MSS tumours with a higherImmunoscore®.
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4.1.5.3 Innate Immunity in CRC

The presence of intra-tumoural NK cells is associated with animproved prognosis in patients
with CRC (372—374). Infurthersupport of this, NK cell infiltration into CRCtumours has been
shown to decrease with advancing stage of disease and the presence of metastases (375).
Patients with CRCalso appearto have diminished NK cell function compared to healthy
controls (376). NKG2D is a stimulatory NK cell receptor whose ligands may be upregulatedin
response to cell stress or malignant transformation (377,378). These cells can then be marked
for destruction through NK cell-mediated mechanisms. As such, mice who are deficientin
NKG2D are more susceptibleto the development of aggressivetumours, suggesting astrong
role for NK cell receptorsin cancersurveillance (377). There is also evidence, however, that
thisand other NK cell-activating receptors can be down-regulated in CRC, potentially blunting
the process of immune surveillance (379). In addition, persistent exposure to over-expressed
NK cell ligands can actually lead to a desensitisation of NK cells to this stimulus, which can
furtherdisruptthe normal mechanisms of NK cell-mediated tumour cell cytotoxicity (380). NK
cells from patients with CRC have been found to under-express activating receptors (including
NKG2D, NKp46 and NKp30) and over-express inhibitory receptors such as NKG2A (381).
Indeed, the presence of NKp46 has been shown to correlate withincreased RFS (381).
Interestingly, it would appearthatthe inhibition of NK cell-mediated anti-tumour activity can
be reversed with acombination of IL-2and cetuximab, which is used clinically in KRAS-WT CRC

and can initiate ADCCas an additional anti-tumour response (381).

4154 Adaptive Immunity in CRC

Pre-treatmentimmune function has been shown to be prognosticin CRC, with high levels of
MDSCs and low levels of CD4+or CD8+ T cells being associated with poorer outcomes and
decreased PFS (382). Patients with CRCalso have a higherfrequency of peripheral Tregs than
either matched healthy controls or patients with non-malignant bowel disease (56). Depletion
of this population of immunosuppressive cells led to enhancement of existing T cell responses
(as measured by IFN-y ELISpot) and also unmasked antigen responses in patients who had
previously had none (56). This suggests that peripheral Tregs in CRC may suppress anti-

tumourresponses.

FoxP3+Tregs are higherin malignant colorectal tumours compared to matched PBMCs from

the same patient group or healthy controls (383). In this study, evaluation of PBMCs following
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excision of a primary tumourrevealed a reduction in the expression of FoxP3 on peripheral
Tregs, which correspondedtoanincrease in IFN-y production tothe TAA 5T4 (383).
Suppression of these antigen-specific T cell responses by Tregs have been linked to tumour
recurrence, with all patientsin this dataset with a ‘suppressive’ phenotype having detectable
recurrent disease 12 months after surgery (althoughin avery small group of patients; n=4for
5T4 responses and n=7 for CEA responses) (383). Conversely, inasimilar (larger) group of pre-
operative patients, baseline IFN-y response to CEA (either before or after the depletion of

Tregs) correlated with anincreased risk of tumourrecurrence (384).
4.15.5 Cytokine Production

In a group of 148 patients with CRC, serum cytokine profiling showed differences between the
patients and matched healthy controls (385). T,;1 cytokines such as IFN-y were higherin CRC
patients and there was demonstrable variation in cytokine profile across varying
clinicopathological features. Patients with metastatic disease (stage 1V) had higherserum
levels of the anti-inflammatory IL-1receptoragonist (IL-Ra), the T,;2 cytokine IL-4, pro-
inflammatory IL-6and the chemokine IL-8. There was also a suggestion of amore T,,2

environmentin patients with metastatictumours.

Similarly, inanother cohort of patients with CRC, analysis of plasma cytokines and chemokines
showed anincreasein|L-6, IL-8, HGF, M-CSF and VEGF (386). Moreover, specific patterns of
cytokine release (associated with inflammation and angiogenesis) were found in patients with
a high NLR (definedin this paperas>5). These data suggest that the cytokine/chemokine
profile of CRC patients can vary between those at different stages of disease and with

differentinflammatory milieu, potentially reflecting the pathophysiology of the disease.

4.1.6 The Neutrophil Lymphocyte Ratio

As already illustrated, the relationship between inflammation, immuneresponse and
malignancy is complex. Measurement of the NLRis both simple and reproducible and as such
it hasthe potential to be used asa pragmaticsurrogate markerfor inflammation andimmune
response incancer. There is evidence that poorer cancersurvival can be associated with
eitherlow lymphocyte counts or high neutrophil countsin the peripheral blood of unselected
cancer patients (387). The NLR has the potential to become an easily measureable biomarker,
as itincludes parameters which are routinely recorded for patients undergoing

chemotherapy.
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For the purposes of this work, NLR was calculated using the formula:

Peripheral Blood Neutrophil Count
NLR =

" Peripheral Blood Lymphocyte Count

If patients only have total WBC and neutrophil countrecorded, the derived NLR (dNLR) can
alsobe used. The dNLRworks on the assumption that the total WBC count is comprised
predominantly of neutrophilsand lymphocytes. Hence, dNLRis calculated using the formula:

Peripheral Blood Neutrophil Count
Peripheral WBC Count — Peripheral Blood Neutrophil Count

dNLR =

There is some recognition that NLR may be more accurate than dNLR; decreasing lymphocyte
populationsin cancer patients may mean that other cells populations, which are not

neutrophils, can make up the proportion of WBC (388—390).

Both NLR and dNLR have been found to have prognosticvalue for patients with adiagnosis of
cancer, including CRC patients undergoing surgical resection (391) and those with advanced
CRC, withNLR< 4 and dNLR < 2 beingassociated with improved OS (388). While prognostic
biomarkers give information about the course and outcome of a disease independent of
treatment, predictive biomarkers can be used to stratify patientsinto groups more likely to

respond to treatment, such as KRAS status and anti-EGFR therapyin CRC.

Althoughthe NLR has been shownto be a robust prognosticbiomarkerinanumber of
differenttumourtypes, itremains unclear whetherahigh NLR (usually conferringa poorer
outcome) is due to neutrophilia, lymphopenia, oracombination of the two. As a biomarkerit
is pragmatic, easily measurable and has been validated in many large datasets (392—397) but
without actually understanding whatit means and what it may represent. Although it may
seema bluntinstrument with which to dissect the complex relationship between cancer,
chemotherapy and immunity, this project aims to clarify whetherthe NLR could potentially be
a surrogate marker forimmune responses and how thisis modulated in the context of anti-

cancer therapy.

4.1.6.1 NLRandPrognosisin CRC

Many scoring systems have been developed to stratify patientsinto high or low risk
prognosticgroups depending on parameters such as CRP, lactate dehydrogenase (LDH), serum

albumin, platelet counts and peripheral WBC count (398—401). The NLR has been shownto be
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an independent prognosticfactorin many different malignancies but the exactlevel at which
it becomessignificant can vary. A meta-analysis of over40,000 patients showed thatan NLR >
4 was a prognosticfactorina variety of solid tumours, although this varied between the
groups (HR for OS was 2.35 in mesothelioma comparedto 1.43 in HCC and 1.91 for CRC).
Differentvalues of NLR have also been demonstrated to be significantly associated with PFS
(cut-off NLR>3) and DFS (NLR >5) (395). In metastaticdisease, high NLR (defined as > 5)
corresponded with a poorer OSin patients with untreated mCRCand patients entering phase |
trials refractory to standard therapies (386). Another systematicreview highlighted the
differencesinthreshold NLR between different studies of unselected cancer patients, ranging
from> 3.33 to > 5 (397). In reviewing studies of operable cancer, the most commonly used
NLR was >5. NLR was also able to predict survival and recurrence after neoadjuvant therapy

(397).

NLR has been associated with factors such asincreased incidence of tumour obstruction or
perforation, later stage tumours (T4b) and raised CEA (394,402). High NLR (inthis case > 5) is
also associated with amore aggressive tumourtype, with statisticallysignificant correlations
with a higher TNM tumour stage, increased nodal involvement and vascularinvasion. This

translatedtoa decreasein PFSand OS (393).

The Continuous or Intermittent trial of chemotherapyin mCRCshowed that patients who had
a higherplatelet count (potentially anindirect marker of inflammation) ben efitted from
continuous chemotherapy, without atreatment break. Further post-hocanalysis also showed
a correlation between dNLR and OS (median survival of 18.6 monthsin patients with dNLR <
2.2 vs.12.5 monthsif dNLR> 2.2) (403). An NLR of greaterthan 2.2 was alsoseentobe
predicative of apoorersurvival ina group of unselected patients with CRC priorto treatment

(404).

NLR and platelet-lymphocyteratio (PLR) also appearto have prognosticsignificance in
patients with resectable CRC with synchronous liver metastases (338). Elevated NLRand PLR
were associated withaworse OS and with poorerresponse to chemotherapy. Interestingly,
normalisation of these parameters following the first cycle of chemotherapy was associated
with improved disease control (either stable disease, partial response (PR)or complete
response (CR)). In early stage CRC, in which surgery alone can be curative, an NLR of greater
than 2.6 was similarly associated with apoorer OS and PFS (405). These findings were
mirroredinanotherstudy which chose a higherlevel of NLR ( > 5) to stratify risk (394). An NLR

of >5 isprognosticin CRC patients undergoing firstline palliative chemotherapy (406),
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localised CRCand CRC with liver metastasesin asystematicreview of over 10,000 patients

(407).

While there has been a paucity of data comparing NLRin cancer patientsto a healthy
population, Pedrazzani et al. compared NLR from 603 patients with resected CRCto 5270
healthy controls (402). Surprisingly, although these patients did not have metastaticdisease,
there was a significant difference between the absolute NLR values for those with resected
CRC comparedto healthy controls (3.1+ 1.8 vs. 1.8 + 1, respectively; p<0.001) (402).

Moreover, there was no correlation between age and NLR in eithergroup.

4.1.6.2 Neutrophilsin CRC

In patients with previously untreated mCRC, a neutrophil countabove the upper limit of
normal (ULN) was associated with apoorer OS. There was a trend to a similar effect with
decreased lymphocyte count (below lower limit of normal, LLN ) but it was not statistically
significant (386). Thisimplies thatthe neutrophil count, ratherthe lymphocyte count, could be
the prognosticelementinthe calculation of NLR. Indeed, inalarge study of pre-operative
patients undergoing electiveresection for CRC, neutrophil countalone was found to be an
independent factorforcancer-specificsurvival (CSS) (408). Similarly, in HCC, it was an elevated
neutrophil count that correlated with increased risk of HCC recurrence, ratherthan the

lymphocyte count (409).

There is evidence that neutrophils may exertan inhibitory effect onthe TME. The activity of
CTL against tumour targets in vitro can be inhibited by the addition of granulocytes (410). Not
onlyisthis effectdose-dependent butisindependent of normal granulocytefunction, witha
similarphenomenon seen when the cells were heat-inactivated. Similarly, the removal of
granulocytesinan in vivo model of ultraviolet (UV)-induced tumours lead to inhibition of
tumour growth, indicating that the tumour may be dependent on granulocytefunction (411).
Interestingly, thiswasin asub-group of tumours that had been able tosubverta T cell-

mediated anti-tumourimmune response.

Neutrophils are known to produce a wide range of cytokines and chemokines which modulate
all aspects of the immune response. These may include both regulatory cytokines such as IL-4

and TGF- B and pro-inflammatory cytokines such as TNF-a, IL-6and IL-8 (268). The blockade of
TGF-B can alsoleadto an increase in TANs which are more cytotoxicto tumourcells and exert

a more anti-tumour phenotype (so called ‘N1’ versus the pro-tumourgenic‘N2’) (100).
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Neutrophil-derived ectosomes (extracellular vesicles created by ‘budding off’ of the cell
membrane) have been shown to have immunosuppressive properties, increasing expression
of TFG-Bwhen cultured with macrophages (412). These ectosomes werealso able to block the
release of TNF-a by macrophages. Although this effect may be utilised successfully in the
resolution of inflammatory processes, it may exert a harmful pro-tumourgeniceffectinthe

TME.

4.1.6.3 Lymphocytesin CRC

Pre-operative lymphopenia has been shownto be a poor prognosticfactor interms of OSin
patients with resected CRC (413). In the palliative setting, lymphopenia can be associated with
decreased OSand PFS in CRC patients receiving first-line chemotherapy (414). Additionally,
the risk of developingalow lymphocyte count due to chemotherapyisrelated toincreased
age (greaterthan 60 years) and raised CEA (415). Although this data suggests astrong

association between cancerand lymphopenia, the underlying mechanisms remain unclear.

Fas to Fas-Lon T and NK cellsinitiates a pro-apoptotic pathway (416). Despite most tumour
cells expressing Fas, they can be resistant to Fas-L-induced cytotoxicity. Conversely, tumour
cells may also express CD95L, which has been postulated as a potential immune-evasive
mechanism (416). In fact, high levels of Fas-Lon colorectal tumour cells have been shown to
be associated with increased tumourstage and liver metastases (417,418) and high serum
levels of Fas-Lwith poorer outcome and survival (419). Lymphopenia, therefore, may be
relatedto higherlevels of Fas-L-expressing tumour cells, initiating apoptosis of T cells. This
hypothesis has been supportedin HCC (420) and in CRC (418), where apoptosis of T cells was

increased when co-cultured with Fas-L-expressing tumour cells.

Although the mechanisms determining the presence of lymphopeniain cancer patients are
multiple, complex and poorly understood, we need to consider whetherthisisacause or
effect phenomenon:isthe lymphocyte count diminished because of the tumouror has the
tumourdeveloped because lymphopeniaisindicative of ablunted anti-tumourimmune
response? Analysis ofimmuneresponsesin patients with changing NLR may help to

understand this process further.
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4.1.7 Rationale for Current Study

It isimpossibletofully describe the network of complex relationships between the
development and pathogenesis of CRCand the differentimmune responses to both disease
and therapy as outlined above. However, the differences inimmunogenicity and outcome in
patients with dMMR/MSI colorectal tumoursillustrates that modulation of the immune
response in CRC patients may offer new and more effectivetherapeuticstrategies. The
challenge, therefore, isto determine whetherthere are any other CRC patients who may

benefitfrom these novel therapies. The aims forthis work were specifically:

1. Todetermine whetherthe NLR, which has provento be a robust prognosticbiomarker
in CRC, actually reflects modulation of the immune milieuin CRC patients by
comparingfunctionalimmuneresponsesin patients with ahigh NLRand low NLR.

2. To determine the effectthatstandard-of-care chemotherapy had onimmune
responses and whetherthis was reflected in changesinthe NLR overtreatment.

3. Investigate whetherchemotherapy could modulate the immune response in these
patients and, if so, could thisinformation reveal the potential forimmunotherapeutic

strategiesin patients who previously would not have benefited from such treatment.
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4.2 NLRResults

4.2.1 Patient recruitment and demographics

Thirty patients with CRCwere consented to the study between November 2014 and
November2016. Samples were initially collected from patients at three time points
corresponding to chemotherapy cycles: baseline (pre-treatment), 6 weeks (following 3cycles
of 2-weekly chemotherapy)and 12 weeks (after 6 cycles of chemotherapy). One patient (NLR-
14) withdrew priorto receiving any chemotherapy or having any translational blood samples
taken and so was excluded from the analysis. Survival data was also collected. Patient

recruitmentand sample collectionisillustratedin Figure 4.1.

30 patients consented

1 patient withdrew 21 patients planned for 3 samples 8 patients planned for 2
from study (no samples
samples collected)

1 patients had
2 of 3 planned

samples 1 patients had 7 patients had
collected only baseline 2 of 2 planned
sample samples
3 patients had 17 patients had collected collected
only baseline 3 of 3 planned
samples samples
collected collected

Figure 4.1 Patient recruitment

Followingapreliminary analysis of data (after 22 patients had been consented), there was
consideredtobe more interesting findings seeninthe first 6 weeks of treatment, as well as
potentially too many confounding factors to gain reliable datafrom samples taken at 12
weeks. These mayinclude dose reductions, dose delays, toxicities from chemotherapy
(particularly neutropenicinfection) and patient drop-out due toillness or PD. Consequently,
from patient NLR-23 only baseline and 6 week samples were collected. Forthis reason, most

of the data presented covers this period, unless there was a strong signal from data at 12
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weeks. Interestingly, there was enough data by 6 weeks to suggest changesinthe immune
response at this time point, whichis earlierthanthe traditional 12 weeks at which patients on
chemotherapy would be radiologically re-assessed. Four of twenty-nine patients (14 %) only
had a single baseline sample collected. From patient 23 onwards, samples were collected only
at baseline and 6 weeks (after discontinuation of the 12 week sample due to modifications to
the study protocol). Seven out of these eight patients (88 %) had both planned samples
collected. A further two patients with mCRC who consented to sample collection butwho
were not planned to receive chemotherapy were included in some of the baseline analysis to
increase the proportion of patientsin the high NLR group. Sample collection forall patientsis
shownin Appendix Table 8.3. Forthe purpose of the analysis, high NLRwas definedas>5
unless otherwise stated. Demographics forthe 29 patients who had at least one sample
collected are shownin Table 4.2. There was a similar proportion of male and female patients,
with a median age of 70.5 yearsin malesand 63 yearsinfemales. All patients received 5-FU or
capecitabine as part of theirchemotherapy regime; 93% had combination chemotherapy and
only 2 of the 29 evaluable patients received an additional biological therapy. Most patients
received acombination of irinotecan/5-FU, reflecting local practice. As expected, most
tumoursarose in the distal colon, sigmoid or rectum. Most patients (66 %) had liver
metastases at baseline and 17 % of all patients (28 % of those in whom mutational status was
known) had mutationsin KRAS. The proportion of patients with 22 metastaticsites was
greaterinthe high NLR group (83 % vs. 47 %), as was the proportion of those with liver

metastases (75% of those with a high baseline NLRvs. 53 % with low baseline NLR).
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Table 4.2 Patient Demographics (n=29)

Sex Median Age and Range ECOG Performance Status at Baseline
Male 14 (48 %) Male 70.5 years (31— 86 years) 0 10 (34 %)
Female 15 (52 %) Female 63 years (52 — 76 years) 1-2 19 (66 %)
Both 65 years (31— 86 years) 3-4 0
Primary Tumour Site First-Line Chemotherapy
Right sided 7 (24 %) Irinotecan/5-FU 19 (66 %)
Transverse colon 1(3.5%) Oxaliplatin/5-FU 6 (21 %)
Left sided 20 (69 %) Capecitabine only 2 (7%)
Unknown primary site 1(3.5%) Irinotecan/5-FU + Monoclonal antibody? 2 (6%)
Presence of Liver Metastases Number of Metastatic Sites Mutational Status
Yes 19 (66 %) 0 0 KRAS 5(17 %)
No 10 (34 %) 1 10 (34 %) BRAF 3 (10%)
2 13 (45 %) PI3KCA 1(3.5%)
>3 6 (21 %) Failed testing 1(3.5%)
No mutations detected? 8 (28 %)
Not tested 11 (38 %)

1 One patientreceived bevacizumab and one received cetuximab in addition to irinotecan/5-FU
2 Mutational analysis was performed for patients also enrolled onto the FOCUS4 clinical trial and included MSI/dMMR as well as mutationsin KRAS, BRAF,

PI3KCA, PTEN and NRAS.



4.2.1.1 Baseline NLR values

The median NLR was 3.63 (range 1.68 - 25.67). Although there were agreaternumber of
patients (59 %) with a low NLR, 41 % of patients had a baseline NLR>5. The spread of values
for the baseline (pre-treatment) NLR are shown in Figure 4.2. Of note, the greatest proportion

of patientshad an NLR of between 2and 4 (48 %).
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Figure 4.2 Baseline NLR values

Range and frequency of the baseline NLR values of all 29 evaluable patients. Ahigh NLRis
definedas>5and low NLR < 5.

4.2.1.2 Baseline peripheral blood immunological parameters

The immunological blood parameters of patients were ascertained by routine hospital blood

samplingand are summarisedin Table 4.3.

Table 4.3 Peripheral blood parameters (n=29)

Baseline NLR Baseline Platelet Count

>5 12 (41 %) 2ULN 7 (24 %)

<5 17 (59 %) <ULN 22 (76 %)

Baseline Neutrophil Count Baseline Lymphocyte Count
2ULN 11 (38 %) <LLN 8 (28 %)
<ULN 18 (62 %) SLLN 21/29 (72 %)

Serum CEA (n=25)
<5 6 (24 %)
>5 19 (76 %)
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Approximately one third of patients had serum parameters that have been previously
demonstrated to be associated with a poorer prognosis (339,389,408), with raised neutrophil
count and/or platelet countseenin 38 % and 24 % of patients, respectively and lymphopenia
in 28 %. Of note, 76 % of patients had a raised serum CEA, whichis slightly higherthan has

beenseeninprevioustrials of chemotherapy inthe metastaticsetting (403).

4.2.1.3 Survival outcomes

No patients were lost to follow-up for survival data. Data was censored on 23" July 2017.
Median survival for the whole group was 274 days. Median OS for patients with a high
baseline NLR was significantlydecreased compared to those with alow baseline NLR (6.6
months vs. 18.8 months respectively, p=0.0024, HR 3.6, 95 % Cl 1.25 —10.35, Figure 4.3).
Although most patients (10/12) in the high NLR group demonstrated anormalisationin NLR
overthe first 6 weeks of chemotherapy, this did not change survival outcomes (data not

shown).

Overall Survival

—— High NLR

== Low NLR

Percent survival

**5 =0.0024

0 200 400 600 800
Day

Figure 4.3 OS curves for patients stratified by baseline NLR

Patients were grouped accordingto baseline NLR (high 25, low < 5, n=29). Survival was
calculatedindaysfromthe first dose of chemotherapy. All patients were evaluable in the
survival analysis.
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4.2.2 Evaluation of Patient Immune Response to Chemotherapy Treatment

and the Association with NLR: Immunophenotyping

4.2.2.1 Patient immune system activation is not altered during treatment,

irrespective of NLR

The activation potential of patientimmune systems were assessed by analysis of cell surface
markers by flow cytometry. There was no significant difference in baselinelevels of activation
markersineither NLR group (low vs. high), including CD69 (Figure 4.4), HLA-DR, CCR7 and PD-

1/PD-L1 on CD4+ and CD8+ T cells, NK/NKT cells, monocytes or B cells (data not shown,
Appendix Table 8.4).
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(a) CD69/CDA4 T cells (b) CD69/CD8 T cells
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Figure 4.4 Baseline CD69 expression onimmune cell subsets (in high vs. low NLR
patients).

Cryopreserved PBMCs were immunophenotyped and CD69 expression on immune cell sub-
populations determined by flow cytometry. The percentage CD69 e xpressionis shown on
CD4+ T cells (a) CD8+ T cells (b), NK cells (c), NKT cells (d), monocytes (e) and Bcells (f) (all

n=24).

Similarly, whenlooking at the patient cohort as a whole, there was no observed change in
expression of any of the aforementioned markers on any of the specificcell populations after
6 weeks of treatment, including CD69 (Figure 4.5 and Appendix Table 8.5). Thisis true of both
NLR groupsi.e.NLR> 5 at baseline which had fallento <5 by 6 weeks (‘high-low’) and those

with a baseline NLR< 5, which remained so overthe first 6 weeks of chemotherapy ( ‘low-low’)
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(datanot shown). Thisindicates thatata cellularlevel, patientimmuneresponses,

determined by Immunophenotyping, seemingly remain unchanged.
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Figure 4.5 CD69 expression onimmune cell sub-populations over the first 6 weeks of
chemotherapy (whole patient cohort)

Cryopreserved PBMCs were immunophenotyped and CD69 expression on immune cell sub-
populations determined by flow cytometry. The percentage expression of CD69 after the
first 6 weeks of chemotherapyisshown on CD4+ T cells(a), CD8+T cells (b), NK cells (c),
NKT cells (d), monocytes (e) and B cells (f) (n=15 for NKT cells, all other graphs show n=16).
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4.2.2.2 Immune checkpoint moleculesincrease in response to chemotherapyon

select immune cell populations.

PBMCs were evaluated forthe immune checkpoint markers PD-1and PD-L1. There was no
significant differencein the expression of PD-1betweenthe highandlow NLR groups on any
of the immune cell subsets evaluated at baseline (Figure 4.6). Similarly, PD-L1 expression did

not vary (data not shown).
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Figure 4.6 PD-1 expression onimmune cell sub-populations at baseline (in high vs. low NLR
patients)

Cryopreserved PBMCs were immunophenotyped and PD-1expression onimmune cell sub-
populations was determined by flow cytometry. The percentage expression of PD-1is shown
on CD4+ T cells (a), CD8+ T cells (b), NK cells (c), NKT cells (d), monocytes (e) and Bcells (f)
(n=24).
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Furthermore, when looking at the whole patient cohort, there was no significant change in

the expression of PD-10on CD4+ or CD8+ T cells or NKT cells afterthe first 6 weeks of

chemotherapy (datanotshown, Appendix Table 8.5). However, PD-1expression increased on

NK cells afterthe first 6 weeks of chemotherapy (p=0.0143, Figure 4.7a). Upon stratification

by NLR, this elevationin NKPD-1expression seemed to be attributable to the patientswho

had alow NLR at baseline (p=0.0488, Figure 4.7b, c).
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Cryopreserved PBMCs were immunophenotyped and PD-1expression on NK cells was
determined by flow cytometry. The percentage of positive cellsis shown for (a) PD-1
expression on NK cells afterthe first 6 weeks of chemotherapy (whole patient cohort), (b)
PD-1expressionon NK cells of patients with high baseline NLR and (c) low baseline NLR

(n=16).
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PD-1 expression significantly increased after the first 6 weeks of chemotherapy on both Bcells
and monocytes (p=0.0417 and p=0.0156, respectively, Figure 4.8), although there was no

appreciable difference between the high and low NLR groups within these cell types (data not

shown).
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Figure 4.8 PD-1 expression on B cellsand monocytes over the first 6 weeks of
chemotherapy (whole patient cohort)

Cryopreserved PBMCs were immunophenotyped and PD-1expression was determined by
flow cytometry. The percentage of positive cells is shown on (a) B cells and (b) monocytes
at baseline and following 6 weeks of chemotherapy (n=16).

4.2.2.3 Relationship between NLR status and frequency of peripheral Tregs: effect

of chemotherapy

Patients with a high NLR at baseline had significantly fewer peripheral FoxP3+Tregs than
those with a low NLR (p=0.0288, Figure 4.9a). High NLR patients also had significantly reduced
expression of CD62L on Tregs (p=0.0165, Figure 4.9b). CD62L (L-selectin) isahomingreceptor,

which, when expressed on the surface of Tregs initiates homing to LNs.

There was no difference noted in expression of either PD-1or PD-L1 on Tregs between the
high and low NLR groups at baseline (Figure 4.9c, d). Similarly, there was no appreciable
change, following the first 6 weeks of chemotherapy, in either PD-10rPD-L1 expressionon
Tregs, eitherinthe patient cohortas a whole orwhen stratified by baseline NLR (data not

shown).
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Figure 4.9 Characteristics of FOxP3+ Tregs in patients with high or low baseline NLR

Cryopreserved PBMCs were immunophenotyped and percentage positive cells determined
by flow cytometry. Total percentage FoxP3+Tregs as a proportion of CD4+ T cells are
shown (a) as well as CD62L expression (b) (n=22). Also displayed is cell surface expression of
PD-1(c) and PD-L1 (d) (n=24).

When looking at the patient cohortas a whole, there was atrendto a reductionin FoxP3+
Tregs followingthe first 12 weeks of chemotherapy, which approached statistical significance
between baseline and 6 weeks (p=0.0597) and baseline and 12 weeks (p=0.0625,

Figure 4.10a). In addition, Tregs decreased overtime in both the high and low baseline NLR
groups, although due to lower patient numbers within each group this was not significant
(Figure 4.10b, c, d). The reductionin Tregs was independent of the CD4+ population, as shown
by the consistent proportion of CD4+cells overthese 12 weeks alongside adecrease inthe

Treg/CDA4 ratio (Figure 4.10e, f)
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Figure 4.10 Changesin the Treg population overthe course of chemotherapy

Cryopreserved cellswereimmunophenotyped and percentage positive cellsinthe CD4+ T
cell population determined by flow cytometry at baseline, 6weeksand 12 weeks. This is
shown forall patients (a) (n=16) and stratified into high orlow NLR ((b), both groups, n=16).
This data is shown forindividual patientsin (c) (n=6) and (d) (n=10). The total CD4+
population forall patientsisshown (e) asis the Treg/CD4+ ratio (f).
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4.2.2.3.1 Tregs and survival

When analysing datafrom all NLR patients, there was a significantly prolonged OSin those
who had a higherfrequency of peripheral FoxP3+Tregs than the median (median OS not

reachedvs. 6.6 months, p=0.0054, HR 6.424, 95 % Cl 1.796 to 22.98, Figure 4.11).

Overall Survival: Tregs

100 1 I 1
—— %Treg® Median

80 == % Treg < Median

©

2

z

5 60

L N

c

o 401

2

)

o 204 **p = 0.0054

0 T T T 1

0 200 400 600 800

Day

Figure 4.11 Overall survival for all NLR patients stratified by frequency of peripheral blood
Tregs

Patients were divided into those with ahigher orlowerthan medianfrequency of Tregsin
the CD4+ T cell population. Survival was calculated as days from receiving the first dose of
chemotherapy. All patients with both measurable baseline Tregs and survival datawere
evaluable in the analysis (n=20).

4.2.3 Evaluation of Patient Immune Responses to Chemotherapy Treatment

and Association with NLR: Cytokine/Chemokine Profile

4.2.3.1 NLRis associated with a distinct cytokine/chemokine profile at baseline

Patient plasmawas evaluated for a total of 49 cytokines and chemokines by Luminexor ELISA:
of these, those which were belowthe lowerdetection limits of the assay or where the
majority of samples tested fell below the lower limit of the standard curve are shownin

Appendix Table 8.6.

As Figure 4.12 and Table 4.4 demonstrate, of the chemokines and cytokines analysed, 4 (HGF,
IL-8, IL-10 and TGF-B) were significantly higherat baselineinthe patients withahigh NLRin
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comparisontothose withalow NLR (p=0.0287, p=0.0183, p=0.0014 and p=0.0005,
respectively). Comparatively, 8 cytokines and chemokines were significantly higher at baseline
inthose patients withalow NLR: IL-16 (p=0.0033), CTACK (p=0.0009), Eotaxin (p=0.0208), IP-
10 (p=0.0141), MIG (p=0.0035), RANTES (p=0.0183), SCF (p=0.0029) and TRAIL (p=0.0006)
(Figure 4.13). There was no significant difference in baselinelevels forthe remaining 19

cytokines and chemokines studied (Table 4.4).

Table 4.4 Baseline levels of chemokines and cytokines on Luminex assay/ELISA stratified by
baseline NLR

High NLR > Low NLR Low NLR > High NLR No Difference

IL-8 IL-16 IFN-a2 Basic FGF
HGF CTACK IFN-y G-CSF
IL-10 Eotaxin IL-2Ra GRO-a
TGF-B IP-10 IL-3 MCP-3

MIG IL-4 MIF

RANTES IL-7 MIP-1a
SCF IL-9 MIP-1B

TRAIL IL-17a PDGF-BB
IL-18 SCGF-B

SDF-1a
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Figure 4.12 Cytokine/chemokine levels stratified by baseline NLR (1)

Cytokine/chemokine analysis of patient plasma was performed and stratified according to
baseline NLR. Solutes that were significantly elevated in the high NLR group are shown: (a)
HGF, (b) IL-8 (both n=28), (c) TGF-B, (d) IL-10 (both n=29).
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Figure 4.13 Cytokine/chemokine levels stratified by baseline NLR(2)

Cytokine/chemokine analysis of patient plasma was performed and stratified according to
baseline NLR. Solutes that were significantly elevated inthe low NLR group are shown: (a)
MIG (b) SCF (c) CTACK (d) IL-16 (e) TRAIL (f) Eotaxin (g) IP-10 and (h) RANTES (n=28).
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Overall, patients with ahigh baseline NLR appeared to have amore permissive cytokine
profile, with lower levels of pro-immune cytokines and chemokines whilst also demonstrating

higherlevels of inhibitory cytokinesincluding IL-10and TGF-.

4.2.3.2 Changein NLR over time in response to treatment is associated with a

distinct chemokine/cytokine profile

There were 5 cytokines/chemokines that demonstrated a significant difference afterthe first
6 weeks of chemotherapyin both the high and low baseline NLR patients (Figure 4.14). Some
were solutes which had previously been shown to differ significantly at baseline between the
2 groups. HGF was the only cytokine in which the fold change at 6 weeks was raisedinthe low
NLR group when compared to the high NLR patients (p=0.0368, Figure 4.14a). For the
remaining cytokines, fold change from baseline at 6 weeks was significantly increased in the
high NLR group when compared to the low NLR patients, namely SCF ( p=0.0048), MIG
(p=0.0485), CTACK (p=0.0319) and IL-16 (p=0.0053) (Figure 4.14b-e).
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Figure 4.14 Fold change in cytokine/chemokine levels over the first 6 weeks of
chemotherapy, stratified by baseline NLR

Data shows fold change of cytokines/chemokines in plasma for NLR patients overthe first 6
weeks of treatment. Graphs show: HGF (a), SCF (b), MIG (c), CTACK (d) and IL-16 (e) (n=22).
Fold change insolutesis shown for patients with baseline NLR 25 whichfellto< 5 over6
weeks (high-lowNLR) and those whose NLR remained low overthis time period (low-low

NLR).

Interestingly, when looking at all patients, there was no demonstrable change inIL-10levels
overthe course of chemotherapy ateither6weeksor12 weeks (Figure4.15a). When this
data was stratified by NLR and furtheranalysed, there were raised levels of IL-10seenin the

group that had a high NLR at baseline, when compared to the low NLR group. These remained
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elevated overthe first 6 weeks of treatment whereas the low NLR group continued to have

levels of IL-10that were barely detectable (Figure 4.15b).

(a) IL-10 (b)  IL-10: High vs. Low NLR

601
- High-Low NLR

B Low-Low NLR
80
404

60

pg/ml
pg/mi

40

° [ 1]
204
° [J m| o
o ®, 0 &+
3 9
@ @ «° & ot
N\ % & B &
2 ) & o <
G © 3 G ©
£ ~ @

Figure 4.15 Changesin levels of IL-10 over the course of chemotherapy

Plasmalevels of IL-10 (pg/ml) are shown forall patients overthe first 12 weeks of
chemotherapy (a). The change in IL-10, stratified by baseline NLR, afterthe first 6 weeks of
chemotherapyisalso shown (b) (n=14).

In contrast, levels of TGF-B fell significantly between baselineand 6 weeks (but not between
baseline and 12 weeks) across the whole patient cohort (p=0.0135, Figure 4.16a). Subgroup
analysis showed that TGF-B decreasedin both the high and low baseline NLR groups

(Figure 4.16b) but was significant by 6weeks inthe group with a high NLR at baseline
(p=0.0234, Figure 4.16c and d)
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Figure 4.16 Changesin levels of TGF-B over the course of chemotherapy

Plasmalevels of TGF-B (pg/ml) are shown forall patients overthe first 12 weeks of
chemotherapy (a). The change in TGF-B, stratified by baseline NLR, during the first 6 weeks

of chemotherapyisalsoshown (b). This datais shown for individual patientsin(c) and (d)
(n=23).

Taken together, these data demonstrate that the immunosuppressive cytokine milieu seenin
patientswith ahigh NLR at baseline canreverse overthe first 6weeks of chemotherapy, with
a decrease in TGF-B and increase in other pro-immune cytokines and chemokinesincluding

MIG. However, some differences between the two groups remained: IL-10and HGF remained

highinthe group of patients with ahigh NLR at baseline, despite normalisation of the NLR

overthistime period.
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4.2.4 Evaluation of Patient Immune Responses to Chemotherapy Treatment

and Association with NLR: Innate Functional Activity

4.2.4.1 High NLR at baseline is associated with decreased NK cell functional activity

When exposed totargettumour cells, degranulation of NK cells (as determined by CD107
expression) was diminished in patients with a high NLR (= 5) at baseline. Although this did not
reach statistical significance atNLR> 5, as we altered the definition of high NLR, firstlyto>4
thento > 3, the difference in NK cell activity became more marked between those patients
with a high or low baseline NLR (shown for different tumour cell targetsin Figure 4.17,

Figure 4.18, Figure 4.19 (all a-c)). When patients were divided into high NLR> 3 and low < 3,
the difference in degranulation between high and low was more marked against all tumour
targets; this was significant (p=0.0104) against K562s (a natural target for NK cells)

(Figure 4.17c) but was also observed against the CRCtumour cell lines SW480 (Figure 4.18c)
and SW620 (Figure 4.19c). Additionally, across the whole patient cohort, there was anegative
correlation between levels of CD107 expression priorto chemotherapy and baseline NLR,

although statistical significance was not reached (Figure 4.17d, Figure 4.18d, Figure 4.19d).
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Figure 4.17 Degranulation of patient NK cells, against K562 tumour targets, stratified by

baseline NLR

Cryopreserved PBMCs were used in degranulation assays to assess NK cell functional
capacity against K562 tumourtargets. Percentage CD107 expression on NK cells, as
determined by flow cytometry, is shown fordifferent NLR values: (a) NLR of greater/less
than 5, (b) NLR greater/lessthan 4 and (c) NLR of greater/less than 3. The relationship
between baseline NLR and CD107 expression, across all patients, isalso shownin (d) (with

linearregression) (n=28).
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Figure 4.18 Degranulation of patient NK cells, against SW480 tumour targets, stratified by
baseline NLR

Cryopreserved PBMCs were used in degranulation assays to assess NK cell functional
capacity against SW480 tumourtargets. Percentage CD107 expression on NK cells, as
determined by flow cytometry, is shown for different NLR values: (a) NLR of greater/less
than 5, (b) NLR greater/lessthan 4 and (c) NLR of greater/less than 3. The relationship
between baseline NLR and CD107 expression, across all patients, is also shownin (d) (with
linearregression) (n=23).

125



(a) SW620: High NLR2 5 (b)  SW620: High NLR > 4
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Figure 4.19 Degranulation of patient NK cells, against SW620 tumour targets, stratified by
baseline NLR

Cryopreserved PBMCs were used in degranulation assays to assess NK cell functional
capacity against SW620 tumourtargets. Percentage CD107 expression on NK cells, as
determined by flow cytometry, is shown for different NLR values: (a) NLR of greater/less
than 5, (b) NLR greater/lessthan 4 and (c) NLR of greater/less than 3. The relationship
between baseline NLR and CD107 expression, across all patients, is also shown in (d) (with
linearregression) (n=27).

When analysedin a similarway (defininghigh NLRas =5, >4 and 2 3), there wasalsoa
difference inthe cytotoxic potential of NK cells (within the PBMC population) priorto
treatment (as determined by >!Crrelease assay), although this did not reach statistical
significance. Patients with a high NLR prior to chemotherapy trended towards decreased
levels of target tumour cell death, when compared to those with alow NLR, against K562
target cells (Figure 4.20a-c), SW480 target cells (Figure 4.21a-c) and SW620 cells (Figure 4.22a-
c). Asobserved previously when evaluating the degranulation of NK cells, there was a negative
correlation across the whole patient cohort, between the level of tumour cell death and
baseline NLR level tested against all target tumour cells (K562: p=0.0023, r2=0.3272,

Figure 4.20d; SW480: p=0.14226, r?=0.1705, Figure 4.21d; SW620: p=0.0559, r*=0.1707,
Figure 4.22d).
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(a) K562: High NLR = 5 (b) K562: High NLR> 4
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Figure 4.20 Cytotoxicity of patient NK cells, against K562 tumour targets, stratified by
baseline NLR.

Cryopreserved PBMCs were used in >1Crassays to assess NK cell functional capacity against
>1Cr-labelled K562 tumourtargets. Cytotoxicity of PBMCs at an E:T ratio of 100:1 is shown at
baseline (pre-chemotherapy) fordecreasing NLR values: (a) NLR greater/less than 5, (b) NLR
greater/lessthan4and (c) NLR greater/less than 3. The relationship between baseline NLR
and cytotoxicity, across all patients, isalso shownin (d) (with linear regression) (n=26).
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Figure 4.21 Cytotoxicity of patient NK cells, against SW480 tumour targets, stratified by
baseline NLR.

Cryopreserved PBMCs were used in >1Crassays to assess NK cell functional capacity against
1Cr-labelled SW480 tumour targets. Cytotoxicity of PBMCs at an E:T ratio of 100:1 is shown
at baseline (pre-chemotherapy) fordecreasing NLR values: (a) NLR greater/less than 5, (b)

NLR greater/lessthan4and (c) NLR greater/lessthan 3. The relationship between baseline
NLR and cytotoxicity, across all patients, is also shownin (d) (with linear regression) (n=14).
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Figure 4.22 Cytotoxicity of patient NK cells, against SW620 tumour targets, stratified by

baseline NLR.

Cryopreserved PBMCs were used in >1Crassays to assess NK cell functional capacity against
1Cr-labelled SW620 tumourtargets. Cytotoxicity of PBMCs at an E:T ratio of 100:1 is shown
at baseline (pre-chemotherapy) fordecreasing NLR values: (a) NLR greater/less than 5, (b)

NLR greater/lessthan4and (c) NLR greater/lessthan 3. The relationship between baseline
NLR and cytotoxicity, across all patients, is also shownin (d) (with linear regression) (n=22).

4.2.4.2 Alower NK cell functional activity was improved following treatment and

was associated with a reduction in NLR

Despite alowerlevel of CD107 expression on NK cells (in response to avariety of tumour
targets) in patients with a high pre-treatment NLR, anincrease in CD107 expression was
evidentwhentheirNLRdroppedinresponse totreatment (Figure 4.23a-c). Thiswas only
significant against SW620 target cells (p=0.0041, Figure 4.23c), although the same trend was
apparentagainst K562 and SW480 targets.
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Figure 4.23 Fold change in CD107 expression on patient NK cells in the first 6 weeks of
chemotherapy stratified by change in NLR

Cryopreserved PBMCs, taken priorto treatmentand following 6 weeks of chemotherapy,
were usedin degranulation assays to assess NK cell functional capacity against: (a) K562
(n=20), (b) SW480 (n=14) and (c) SW620 (n=18). As determined by flow cytometry,fold
change in CD107 expressionisshown for patients with baseline NLR>5 whichfellto< 5
over6 weeks (high-low NLR) and those whose NLR remained low over this time period

(low-lowNLR).

Once again, despite the low levels of cytotoxicity (as determined in >*Cr assays) associated
with a high baseline NLR, this was enhanced by 6 weeks, as NLR decreased (high-low NLR
group, Figure 4.24a-c). This was significant against K562 target cells (p=0.0204, Figure 4.24a).
Statistical analysis was not possible in the SW480 condition as there was only data from 2

patientsinthe high-low group (Figure 4.24b).
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Figure 4.24 Fold change in cytotoxicity (*'Crassays) of patient NK cellsin the first 6 weeks
of chemotherapy stratified by change in NLR

Cryopreserved PBMCs, taken priorto treatmentand following 6 weeks of chemotherapy,
were usedina>'Cr-released assay against: (a) K562 (n=18), (b) SW480 (n=9) and (c) SW620
(n=16). Fold change in cytotoxicity is shown for patients with baseline NLR > 5 which fell to
< 5over6 weeks (high-low NLR) and those whose NLR remained low overthis time period
(low-lowNLR).

4.2.4.3 Higher CD107 expression on peripheral NK cells prior to treatment is

associated with a trend towards increased overall survival

Withinthe entire patient cohort, those with elevated CD107 expression on NK cells showed a
non-significanttrend to prolonged OS when results were analysed by median CD107
expression againstall tested tumour targets (Figure 4.25). Median OS was not reachedin the
K562 group with CD107+ NK cells 2 medianvs. 345 daysin the comparison group

(Figure 4.25a). This was also true against SW480 targets (median OS for patients with CD107
expression <median 162 days) (Figure 4.25b) and SW620 targets, where median OS for
patients with CD107 expression <median was 344.5 days (Figure 4.25c).
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Figure 4.25 Overall survival of patients stratified by median CD107 expression on NK cells
against different target tumour cells

All patients were stratified according to CD107 expression on NK cells whenincubated with:
(a) K562 (n=26) (b) SW480 (n=21) and (c) SW620 (n=25) target cells. Survival was calculated
as days fromreceiving the first dose of chemotherapy. All patients were evaluable in the
survival analysis.
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4.2.4.4 High cytotoxic potential of PBMCs prior to treatmentis associated with

increased overall survival

Overall survival wasincreased in patients whose PBMCs had a higherlevel of cytotoxicity (as
determined by >'Cr-released assay) against both K562 and SW620 target cell lines

(Figure 4.26). Against K562 cells, OS was significantly increased in patients where NK cell-
mediated cytotoxicity was greaterthan the median (median OS not reached for high
cytotoxicity group vs. 344 days, p=0.0498, HR 2.775, 95 %, Cl 0.9496 to 8.108). Against SW620
cells OS was also significantly increased (median OS notreached for high cytotoxicity group vs.
359 days, p=0.0404, HR 3.226, 95 % Cl 0.9358 to 11.12). There were not enough data pointsto

determine survival against SW480 target tumour cells.
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Figure 4.26 Overall survival of patients stratified by median cytotoxicity of NK cells
against different target tumour cells

All patients were stratified according to cytotoxicity when incubated with: (a) K562 (n=24)
and (b) SW620 (n=21) target cells. Survival was calculated as days from receiving the first
dose of chemotherapy. All patients were evaluablein the survival analysis.
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4.2.5 Evaluation of Patient Immune Responses to Chemotherapy Treatment

and Association with NLR: ELISpot

4.2.5.1 T cell responsesreflect innate immune responses within patients

ELISpotassays were performedto determinethe adaptive Tcell response of patients
undergoing treatment and to monitor any changes which may occur inresponse to therapy.
Once thawed, PBMCs were incubated with eithera CRC TAA (CEA) or viral peptides (CEF) and
T cell responses were measured by IFN-y production. As with other previous assays, inherent
variability between patients was evident. However, IFN-y production in response to viral and
TAA peptides seemed to reflect the patternin responses seeninsome of the otherimmune
assays (NK cell activation), indicating that despite inter-patient variability, there were similar
trendsintheinnate and adaptive arm of an individual patient’simmuneresponse to
treatment. Asan example, in patient NLR-7, there wasanincrease in IFN-y production to CEF
peptide (a markerof non-specificTcell recall response) between baseline (pre-chemotherapy)
and 6 weeks, which then fell by 12 weeks (Figure 4.27a). This was mirrored in cytotoxicity
assays, where the PBMCs taken at 6 weeks showed higherlevels of tumour cell killing
compared to baseline andimmunophenotyping, where expression of CD69 had increased
dramatically on both CD4+ and CD8+ T cells by the 6 week sample (Figure 4.27b, ¢, f, g).
Although CD107 degranulation was not noticeably higher at 6 weeks, levels increased over the

12 week period (Figure 4.27d, e).
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Figure 4.27 Comparison between adaptive T cell responses and innate responses during
treatment: Patient NLR-07

Cryopreserved PBMCs were collected from patient NLR-07 and analysed by ELISpot and
otherinnate immune assays. IFN-y productionin response to CEF peptide was aligned with
innate responsesinthe same samples. (a) Tcell responses (and number of SFU) are shown
for baseline, 6weekand 12 week samplesin duplicate. Cytotoxicity of PBMCs (determined
by >!Crassay) against SW620 (b) and K562 cells (c) are also shown. CD107 expression
(determined by flow cytometry) is shown against SW620 (d) and K562 (e). Also shownis
CD69 expression on CD4+ (f) and CD8+ (g) T cells as determined by flow cytometry.

In contrast, patient NLR-10 did not exhibitany change in T cell responses to CEF peptide (as
demonstrated by unvarying IFN-y SFU overa 12 week period). This was also reflected in
cytotoxicity assays, CD107 degranulation assaysand in CD69 expression on CD4+and CD8+ T
cells (Figure 4.28).
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Figure 4.28 Comparison between adaptive T cell responses and innate responses during
treatment: Patient NLR-10

Cryopreserved PBMCs were collected from patient NLR-10and analysed by ELISpot and
otherinnate immune assays. IFN-y productionin response to CEF peptide was aligned with
innate responsesinthe same samples. (a) Tcell responses (and number of SFU) are shown
for baseline, 6week and 12 week samplesin duplicate. Cytotoxicity of PBMCs (determined
by >!Crassay) against SW620 (b) and K562 cells (c) are also shown. CD107 expression
(determined by flow cytometry) is shown against SW620 (d) and K562 (e). Also shownis
CD69 expression on CD4+ (f) and CD8+ (g) T cells as determined by flow cytometry.

Finally, in patient NLR-05, there wasanincrease in T cell ELISpot responses between baseline
and 6 weeks and also between 6and 12 weeks of chemotherapy (Figure 4.29). Once again this
was also evidentinthe chromium-release assay, with arise in NK-mediated cytotoxicity over
the 12 week period of chemotherapy. However, in this patient, CD107 and CD69 expression

did not mirrorthese findings.
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Figure 4.29 Comparison between adaptive T cell responses and innate responses during
treatment: Patient NLR-05

Cryopreserved PBMCs were collected from patient NLR-05and analysed by ELISpot and
otherinnate immune assays. IFN-y productionin response to CEF peptide was aligned with
innate responsesinthe same samples. (a) Tcell responses (and number of SFU) are shown
for baseline, 6week and 12 week samplesin duplicate. Cytotoxicity of PBMCs (determined
by >!Crassay) against SW620 (b) and K562 cells (c) are also shown. CD107 expression
(determined by flow cytometry) is shown against SW620 (d) and K562 (e). Also shownis
CD69 expression on CD4+ (f) and CD8+ (g) T cells as determined by flow cytometry.

T cell responsesto the TAA peptide CEA were variable across the patient cohort;insome
patients there was no change in ELISpot assays overthe course of chemotherapy, whereasin
othersa changein IFN-y production was detected. In patient NLR-18, there was anincreasein
SFU to both CEA and CEF peptide, demonstratinga peakin IFN-y production (and hence Tcell
response) atthe 6 week sample. Interestingly, this was not only mirrored by the increase in

NK cell degranulation atthe same time point butalso by the serum CEA level (Figure 4.30).
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Figure 4.30 Comparison between adaptive T cell responses and innate responses during
treatment: Patient NLR-18.

Cryopreserved PBMCs were collected from patient NLR-18 and analysed by ELISpot and
otherinnate immune assays. IFN-y productionin response to CEF and CEA peptides were
compared to CD107 degranulation assays and serum CEA measurement. (a) T cell responses
(and number of SFU) against CEF peptide are shown for baseline, 6weekand 12 week
samplesinduplicate. Similarly, (b) Tcell responses (and number of SFU) against CEA
peptide are also shown. CD107 expression (determined by flow cytometry) is shown against
K562 tumour cells (c). Also shown are serum CEA levels (d).

4.2.5.2 Ahighorlow NLR prior to treatment is associated with a distinct adaptive T

cell response

Examination of pre-treatment Tcell responses to CEF peptides suggested adecreased
response at baseline inthe group of patients with a high NLR (Figure 4.31a), although this
result was not significant. Inaddition, mirroringthe CD107 and cytotoxicity results, enhanced
response to CEF peptide at 6 weeks was observedin patientsinwhom NLR fell by 6 weeks of

chemotherapy (CEF response increased as NLR decreased) (Figure 4.31b). A positive response
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to CEF peptide at 6 weeks was defined as the proportion of patients witha 1.5x increase in

SFU, minus the negative control.
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Figure 4.31 T cell responses to CEF prior to treatment, stratified by NLR

Cryopreserved PBMCs were incubated with CEF peptide and analysed by ELISpot assays. T
cell responses (SFU) against CEF peptide, priorto treatment, are shown in patients with
high or low NLR at baseline (a). Also shown is the positive responseto CEF peptide at6
weeks forpatients with baseline NLR > 5 which fell to< 5 over 6 weeks (high-low NLR) and
those whose NLR remained low overthistime period (low-low NLR) (b).

When looking at response to CEA peptide, there was no appreciable difference priorto
treatmentwhen stratified by NLR (Figure 4.32a). However, a higher number of positive
responses to CEA peptide was foundinlow NLR patients (CEA response increased if NLR

stayed < 5) (Figure 4.32b).
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Figure 4.32 T cell responses to CEA prior to treatment, stratified by NLR

Cryopreserved PBMCs were incubated with CEA peptide and analysed by ELISpot assays. T
cell responses (SFU) against CEA peptide, priortotreatment, are shownin patients with
high or low NLR at baseline (a). Also shown isthe positive responseto CEA peptide at 6
weeks for patients with baseline NLR> 5 which fell to < 5 over 6 weeks (high-low NLR) and
those whose NLRremained low over this time period (low-low NLR) (b).
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4.3 NLRDiscussion

The data presentedin this chapter furtherdelineates the immuneresponse in patients with
CRC on first-line chemotherapy and the relationship between NLR and outcome. NLR has been
foundto be a strong predictive markerinanumber of differenttumourtypesand, in CRC, has
been associated with pathological stage,responsetotherapy and survival. The underlying
mechanism for this relationship has not beenthoroughly investigated. By interrogating thisin
a CRC patientgroup, we hopedtoreveal underlyingimmunological correlates which could

potentially be exploitedin the development of novel treatment strategies.

In orderto assess the status of a patient’s immune system both at baseline (priorto
treatment) and at specifictime points during therapy, we performed anumber of
complementary analyses on patient blood samples. The results suggested differencesin
immune profiles of those patients with a high baseline NLR and those with a low baseline,
such as higherlevels of cytokinesincluding IL-10and TGF-B. Those with a low NLR at baseline
had significantly higher plasmalevels of cytokines such as RANTES, SCF, TRAIL and MIG. There
was also a suggestion that a higher baseline NLR was associated with diminished innate
immune responses against tumour cell targets (cytotoxicity and degranulation). With
chemotherapy, there was achange noted in thisimmune profile, with afallinlevels of TGF-
and Tregs. There was also some evidence that T cell responsestowards CEF and TAAs altered

with chemotherapy.

There was no obvious change in activation markers such as CD69, CCR7 and HLA-DRon
immune cell populationsincluding CD4+and CD8+ T cells, monocytesand Bcells (Figure 4.4
and Figure 4.5) overthe time period assessed. However, the timings of these samples may not
be optimum toreveal such a response totherapy. Due to ethical constraints samples were
taken priorto chemotherapy, after 6weeks and initially also after 12 weeks of chemotherapy;
dates which corresponded with planned hospital visits. Itis possible, therefore, that transient
changesin activation markers were missed. The early activation marker, CD69, is expressedin
the first 6-12 hours afterT cell stimulation (421). In comparison, HLA-DR and CCR7 are later
markers of immune function. Increased HLA-DR expression, forexample, has been
demonstrated 48- 72 hours post ex vivo stimulation of PBMCs (421). Similarly, in vitro
stimulation of CD4+T cells has shown that the proportion of CCR7+ cellsincreases overa

short number of days but the CCR7- subpopulation increased significantly by three weeks
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(422). It is possible that taking samples at alternative time points, e.g. prior- and 24 hours

post-chemotherapy, may have permitted detection of such changes.

In our data, the proportion of Tregs within the CD4+ population fell through the first 6weeks
of chemotherapy and reduced further by 12 weeks (Figure 4.10). This was independent of the
baseline NLR, although it was interesting that, in contradiction to what may have been
predicted, peripheral Tregs were presentata higherfrequencyinthe low NLRgroup
compared to the high. Established dogma would predict that patients withahigh NLR (and, in
our hands, a seeminglydepressed immuneresponse)would have a higher proportion of
Tregs. However, possible future work could include analysis of paired tumoursamples which
may reveal that decreased peripheral Tregs reflect ahigher proportion of Tregsin the TME. It
should also be noted thatthere are a number of phenotypicclassifications of Tregs, with
differentimmunosuppressive properties (naive, effectors and terminal effectors (50)) which
may be furthersubcategorised by the presence orabsence of CD45R0, which can also be used
to differentiate naive and memory T cell populations (50,423). These phenotypically different
sub-classifications of Tregs appearto express different levels of IL-10 and TGF-3 and changes
inthe populations of each can be variably associated with PFS and OSin NSCLC patients (50).
These differences, which we have notanalysed fully, may influence the apparentincreasein
OS inthe population of patients with higherlevels of peripheral Tregs (Figure 4.11). Our
discovery of fewerTregsinthe patients with ahigh baseline NLR seems discordant with the
higher concentrations of the cytokines TGF-B and IL-10, which are produced by Tregs (50) and
contribute tothe immunosuppressive milieu. However, other cell types are also known to

secrete these cytokines and may be the physiological source in situ.

There was a significant difference inthe expression of the LN-homing receptor CD62L on Tregs
between the highandlow NLR groups at baseline: this was diminished in the high NLR group
(Figure 4.9b). Inthe context of a decreased Treg population, this may support the hypothesis
that the population of Tregs we are examiningin the periphery do notinclude the CD62L+
Tregs which have already trafficked to LNs or tumour. It is at these sites that Tregs can exert
theirsuppressive effects and contribute toimmunetoleranceto tumourantigens, presented
by APC(424). Again, this may be a factor when considering the differencesin OSin patients
with varying populations of peripheral Tregs and supports the view that, in addition to the
evaluation of peripheral blood cells to therapy, the TME should also be studied. In support of
this data, other groups have found that 5-FU-containing chemotherapy (including FOLFOX and

FOLFIRIin CRC) is associated with adecreased proportion of Tregsin peripheral blood
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(425,426). In a group of gastric cancer patients receiving neo-adjuvant chemotherapy, a
reductionin peripheral Tregs overthe course of treatment also corresponded toanincreased
OS, supportingthe evidenceforanimprovementin OSevenin patients with a high NLR which

fallsoverthe course of treatment (425).

We foundthatthere was no appreciable difference between the populations of PD-1+and
PD-L1+ Tregs at baseline in eitherthe high orlow NLR groups. This was the same in many of
the othercell populations analysed. However, expression of PD-1on NK cells, monocytes and
B cells (Figure 4.7 - Figure 4.8) increased during chemotherapy, with asignificant change from
baseline seen by 6 weeks. Whilethis may suggest a potential use forimmunotherapy, the
efficacy of immune checkpointinhibitors (anti-PD-1 oranti-PD-L1) should depend on the
presence of both receptorand ligand within the immune environment (427). Supporting this
theory, 5-FU chemotherapy has been shown toincrease expression of PD-L1on both
colorectal and oesophageal cell lines, which was also low pre-chemotherapy(428). It is worth
noting, however, that these cell lines were microsatelliteinstable HCT 116 cells, which are
deficientin MSH1 and as already discussed, are more amenabletoimmune checkpoint
inhibitors (324,429). This increase in PD-L1, however, may alsoindicate adevelopingimmune-
resistance totraditional chemotherapy and provideafurtherrationale forthe use of
immunotherapy after sequential chemotherapy in gastrointestinal cancers. This upregulation
of PD-L1is not limited to 5-FU and CRC however:increased expression has also been noted
following cisplatin- or carboplatin-based neoadjuvant chemotherapy in urothelial cancer (430)
and once again may signify abroader mechanism of immune response to chemotherapy-
induced cell death, developingimmune tolerance and emerging resistance to chemotherapy.
Wang et al. (431) have previously shown that the colorectal cell line MC38 is resistant to
immune checkpoint blockade in vitro but that treatment with oxaliplatin stimulated immune
cellinfiltrationinto the tumour. Furthermore, treatment with sequential oxaliplatin followed
by anti-CTLA-4and anti-PD-1blockade led to reduced tumoursize and increased survivalin
mice implanted with MC38 tumours. Thisis possibly aconsequence of combination therapy
up-regulatingthe ligands PD-L1and PD-L2. As such, there appearsto be a rationale for

potential sensitisation of CRCto immune checkpointinhibition following chemotherapy.

We observed thatinnate immunefunction was also attenuated in patients who had a higher
baseline NLR, as evidenced by reduced NK cell function against tumour cell targets
(Figure 4.17 - Figure 4.22); a negative correlation with baseline NLR and NK cell function was

evident. Of interest, in patients with a high baseline NLR, these differences seemed to be
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abrogated following 6 weeks of first-line chemotherapy, correspondingto afall in NLR: NK cell
functionincreases asthe NLR decreases (Figure 4.23and Figure 4.24). All patientsinvolvedin
the current study received chemotherapy containing 5-FU or the pro-drug capecitabine.
Treatment with 5-FU has previously been shown to increase both the number of peripheral
NK cells (432—-434) and theirfunction (as evidenced by increased expression of cell surface
CD69). As discussed above, itis likely that anyincrease in CD69 in our patient cohort was not
detected due to the timings of sample acquisition. Thereis asolid body of evidence that, aside
fromtheirfrequency within peripheral blood, NK cells themselves may be dysregulatedin the
context of malignancy. Expression of the activating receptors NKG2D, NKp30and NKp46 are
diminished on peripheral NK cells from patients with CRC compared to healthy controls (379).
Expression of NKG2Dis also attenuated in patients with metastaticdisease compared to
healthy controls and both low grade and high grade non-metastaticdisease (16). Ourresults
showed anincreaseinlevels of TGF-Bin patient plasma (Figure4.12c), whichisitself known to
inhibit NK cell function (145). Interestingly, other groups have also shown a correlation
between downregulation of NK cell activating receptors and TGF-B (146). Collectively, this
supportsour data which links abrogated NK cell function with poor-prognosis high NLR CRC.
The role of NK cellsinimmune surveillance and their potential to control the development
and growth of malignancy indicates that these findings likely representavicious circle of
dysfunctional NK cells contributing to the development of metastaticdiseaseand NKfunction

beingfurthersuppressedinthe context of highergrade, aggressive, metastaticdisease.

To further our understanding of the immune response and how it relates to NLR status, an
extensive analysis of the cytokine and chemokine profile of patient plasmawas performed.
Initial comparisons of pre-treatment samples between the high and low NLR groups revealed
thought-provoking findings. Although a considerable number of chemokines and cytokines
were suppressed priortotreatmentin the context of ahigh NLR, othersolutes, specifically
TGF-B, IL-10, HGF and IL-8 were elevated in these patients (Figure 4.12and Figure 4.13). The
elevated levels of TGF-B and IL-10 that we observed inthe high NLR group was not
unexpected, given the datasupportingtheirrole inthe suppression of anti-tumourimmune
responses (100,155). Significantly, elevated levels of TGF-p have been observed in patients
with Dukes stage C and D CRC compared to healthy controls (141). Although our cohort of
patients all had metastaticdisease, ourdatawould supportthe correlation between high
levels of immunosuppressive cytokines and increased stage/extent of disease. Thiswas also

illustrated inthe work by Ivanovic et al (435), which showed that plasmalevels of TGF-B were
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elevatedin patients with more extensive stage breast cancer. This translated to decreased
two-yearsurvival in patients with plasma TGF-B1>3 ng/ml compared to those with levels
more comparable tothe HD group (10 % vs. 52 %, respectively) (435). Reflecting similar
findingstothose already discussed, IL-10is highly predictive of DFS in patients who have
resectionsfor CRC(160). The interesting findingin our patient cohort was that, although
levels of TGF-B fell significantly over the first 6 weeks of chemotherapy, levels of IL-10
remained steady (Figure 4.15and Figure 4.16). This might be unexpected given our
observationthatthe peripheralblood Treg population fell with chemotherapy. However,
although Tregs are a major source of IL-10, otherimmune cell populations, which did not
decline with chemotherapy, can also produce IL-10. In the context of HIV infection, it has been
shown by Said et al. that increased PD-1expression caninduce IL-10 production from
monocytes (153). Similarly, the elevated PD-1expression noted in our data may be one of the
potential triggersforongoingIL-10productioninresponse to thisinhibitory signal. The
difference inthe plasmalevels of these twoimmunosuppressive cytokines with chemotherapy
may also go some way to explaining why patients with a high NLR may have different

outcomesthanthose withlow NLR, evenifitnormalises with therapy (406).

Both IL-8 and HGF can be secreted by cancer-associated fibroblasts (CAFs) (436). CAFs are
fibroblasts that are associated with the TME and secrete arange of cytokines and chemokines
that can contribute to tumourgrowth, invasion, metastases, angiogenesis and
immunosuppression (436). Through activation of the intra-cellular MAPK pathway, HGF
promotes cell growth, survival and metastasis (437). Production of HGF either by CAFs or
tumourcellsis potentially due to mutations in the HGF promotergene foundinaproportion
of CRC patients (438). In keeping with our findings of elevated HGF levels in patients with a
high NLR at baseline, HGF levelsin peripheral blood and in colonictumourtissue were higher
compared to normal controls (439). Increased levels were also associated with LN and liver
metastases and tumoursize. Furthermore, elevated HGF correlates with serum CEA and
survival in both early stage (440) and later stage disease (441). As such, the raised levels of
HGF detectedin high NLR patients may contribute to their considerably reduced immune

activation potential priorto treatment.

IL-8 plays a role inthe chemotaxis of both neutrophils and lymphocytes to sites of
inflammation orinfection (164,442). IL-8 can also stimulate angiogenesis (82,443) and its
production can be inducedin the presence of factors such as hypoxia and acidosis (such asis

foundinthe TME of CRC) (443). IL-8 can be produced by tumour cells of various aetiologies,
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including but notlimited to, breast cancer, lung cancer, HCC, melanomaand CRC.
Furthermore, itis associated with tumour progression, stage and outcome (444)(445)(446).
Although IL-8is upregulated ininflammatory bowel disease (such as ulcerative colitis), itis
significantly more elevated in CRCspecimens (447) and is correlated with the presence of liver
metastases. In vitro, CRCcell lines can produce endogenous IL-8, which, in turn, stimulates
both angiogenesis and cell growth (448). Interestingly, there is evidence that migration of
PBMCs, specifically Tregs, into the TME can be induced by IL-6 and IL-8 secretion by tumour
cells (449). The mechanism of thisis thought to be the upregulation of IL-8receptors, CXCL1
and CXCL2, onTregs by IL-6. In summary, increased IL-8is associated with more advanced
stages of CRC, which produce furtherIL-8, supporting angiogenesis and influxof Tregs into the
TME of patients with ahigh NLR. This data demonstratesthatIL-8is also associated with

elevated NLR and immune dysfunction in vitro.

A large proportion of cytokines/chemokines that we analysed were elevated priorto
treatmentinthe low NLR group (Figure 4.13). One of these was IL-16 (also known as
lymphocyte chemoattractant factor, LCF). As well as migration, IL-16 can also stimulate the
growth/proliferation of CD4+cells. In keeping with ourfindings that a high NLR may
correspond with a depressed immuneresponse, IL-16 has been shown to be differentially
expressedin colon cancers. MSl cancers, for example, shown previously to demonstratea
more immunogenic phenotype (370,371,429,450) are associated with higherlevels of IL-16
(451).

The chemokine TRAILcan initiate apoptosis of tumourcells. Itis produced by T cells, NK cells,
monocytes and DCs. Supporting our findings of lower plasma TRAILin high NLR patients
(Figure 4.13), a relatively lower expression of TRAILhas been documented in carcinomas
compared to normal epithelium oradenomas (130). This, along with our findings, may suggest
a downregulation of TRAILto avoid apoptosis:in ourcohort of high NLR patients,
downregulation of TRAILmay be one of the mechanisms contributing to the development of
more aggressive/widespread disease. Interestingly (and relevantto ourdata), CPT-11
(irinotecan) can upregulate TRAILreceptors (135) and combination therapy with 5-FUor CPT-

11 can decrease tumour growth in vivo (452).

Eotaxin, also known as CCL11, an eosinophil chemokine in the same family as RANTES, has
alsobeenimplicated in angiogenesis (453) and metastasis of cancer cells throughiits effects
on MMPs (453,454). Inour investigation, low NLR patients had more circulating eotaxin

(Figure 4.13); levels of eotaxin are known to be elevated in the serum of patients with breast,
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lungand CRC (455,456). Similarly, greater concentrations of eotaxin are detectedin
supernatants of hepaticmetastases from CRCtumours, above that foundin normal liver (457).
In keeping with our otherfindings, decreased levels of eotaxin suggests adepressedimmune

response and potentially decreased immuneinfiltration into the tumour of high NLR patients.

RANTES s also a chemokine which induces the recruitment of monocytes and macrophages
intothe TME. Subsequently, suchimmuneinfiltrates can undergo differentiation intoa more
tumorigenicphenotype(so-called M2 TAMs and N2 TANSs). It may be expected, then, thatthe
high NLR population would have a higher plasmalevelsif we are postulating that the TME is
more immunosuppressive. Comparable with ourfindings, Johdi et al. found that levels of
RANTES are lowerinthe serum of patients with colorectal polyps and CRC (though not
significantly so) than healthy controls (456). As with the other pro-inflammatory solutes that
were found tobe lowerinthe high NLR groups, it is unclear whetherthisis a result of a more
immunosuppressive environment (immunetolerance to atumour which should elicit a brisk
anti-tumourresponse) or whetherthe patients with a high NLR have so because these pro-
immune cytokines are decreased. As part of the process resolvinginflammation, RANTES can
be sequestered by apoptoticneutrophilsand T cells through enhanced expression of its
receptor, CCR5 (458). Upregulation of CCR5can be seeninthe presence of markers of
immune exhaustion such as PD-1, which was also raised in our patient population (458). The
processes of sequestering this and other pro-inflammatory cytokines may be further
stimulated by the presence of IL-10(459). This may supportthe idea of some kind of immune
exhaustion/tolerance in the high NLR patients which contributes to lower plasma levels of

inflammatory cytokines.

IP-10 was elevated in the group of patients with low pre-treatment NLR (Figure 4.13). One of
its many actionsis as a chemoattractant formonocytesandT cells (460) and it’s productionin
response to IFN-y contributes to the migration of activated T cellsinto sites of inflammation or
into tumours. lllustrating this, IP-10is elevated in CRC patients with MSI tumours compared to
those whose tumour demonstrated MSS (451). Thiswould be in keeping with an enhanced
immune response in MSI tumours. Although our cohort of CRC patients did not include
anyone with confirmed MSItumours, our otherfindings supportadepressedimmune
response in patients with high NLR overanumber of different parameters. In this context, the
lowerlevels of IP-10in patients with a high NLR would support our other findings. IP-10, along
with MIG, which was also decreased in our cohort of high NLR patients, exhibits angiostatic

features. The anti-tumourigenic properties of both IP-10and MIG have been attributed to
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theirchemotactic properties: the recruitment ofimmune cellsincluding Tcellsand NK cells

contribute to the anti-tumour effects of other cytokines, such as IL-12.

CutaneousT cell-attracting chemokine (CTACK, also known as CCL27), isanotherT cell
attractant. It has been described as having aprominentrole ininflammation of the skinand,
as such, has been shown to be encourage chemotaxis ofimmune cellsin models of melanoma
(461). Following transfection with adenovirus expressing CTACK, the CRCcell line CT26 was
injectedinto BALB/cmice, leadingtoa reduction in tumourgrowth compared to CRC
transfected with viral vectoralone (462). Although this was not significant, it may indicate that
the expression of CTACK by CRC cells can contribute to an anti-tumourimmune effectand this
would be supported by ourfindings of increased levels of CTACK in the patients with alow
NLR (Figure 4.13). Although there is no published data, it may be worth considering whether
chemotherapy canincrease production of CTACK by tumour cells and increase the chemotaxis

of immune cellsintothe tumour.

While we observed that patients with alow NLR had higherlevels of plasma SCF than those
with a high baseline NLR (Figure 4.13), other groups have demonstrated the contrary.Ina
study of 75 patients, levels of SCFin serum were actually lowerin patients undergoing surgical
resection for CRCcompared to healthy controls (463). Although we are postulating thata high
NLR is associated with a poorer prognosis and that this could correlate with more advantaged
stage of disease, patients with ahigh NLR may have a higher neutrophil count. As such,
patients with alow NLR may be predisposed towards having alow neutrophilcountand as
SCF isa haematopoieticgrowth factor, it may be that neutropeniain these patients can
stimulate the production of SCF as a compensatory mechanism. Similar phenomena have
beenseenin mice treated with 5-FU chemotherapy, where SCF was shown to reverse

thrombocytopeniain treated mice (464).

Unlike IL-16, MIG and SCF, levels of eotaxin, IL-8and RANTES did not vary overthe first6
weeks of chemotherapy (Figure 4.14). Again this may contribute to the ongoingdifferencesin
prognosis between the high and low NLR groups, despite normalisation of the NLRin the

former.

To expand on our understanding of NLR status and response to chemotherapy within the
innate immune system, the adaptivearm of the immune system was also investigated; T cell
responses were examined by ELISpot. There was anindication that T cell responsesin patients

with a high baseline NLR were attenuated against the CEF viral peptide pool but this was not
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statistically significant (Figure 4.31). Interestingly, in those patients wherethe NLR dropped
overthe first 6 weeks of chemotherapy, Tcell responses to non-specificviral peptides
increased asthe NLR decreased. Conversely, in patients with a consistently low NLR, it was the

responsesto CEAwhichincreased (Figure 4.32).

There is conflicting data as to whetherTcell responses against TAAs confer clinical benefit. In
another cohort of patients with CRC, responsesto TAAs were varied, with agreater
proportion of patients with later stage diseaseregisteringaresponse. Inthis group, there was
no survival benefit seen (465). In contradiction to this data, Scurr et al. found that CEA-specific
responses were associated with apooreroutcome, even when patients were stratified by
stage (384). Whethera positive CEA response was actually indicative of occult metastatic

disease in earlier stage patients (notincludedin ourstudy) is unclear.

Giventhe declineinTregs overtime in our data (independent of baseline NLR), anincrease in
IFN-y effector T cell responses during therapy may have been expected. The findings of Clarke
et al. furthersupportthe role of Tregs in suppressing T cell responses: Treg depletion was

associated with increased responseto the 5T4 tumourantigen (56).

Overall, the data presentedin this chapter suggestsadepressed immune response in patients
with a high baseline NLR, as measured by a number of different parameters. Following 6
weeks of chemotherapy, however, thereappeared to be evidence of elevated immune
responses comparativeto baselineif a patient’s NLR decreased to <5. Despite this, OSin the
group with a reductionin NLR following chemotherapy is still poorerthan those patients
whose NLR stayed low throughout. Non-specific (CEF) T cell responses in this group seemed to
increase overtime butif thisis not tumour-specific(similarto the CEAresponseinthe low-low
group) this may contribute tothe poorer prognosisinthis group of patients. These findings
supportfurtherexplorationintothe role ofimmunotherapy following chemotherapyin
patients with CRCgiven the change inthe immune milieu which has been detected. Although
there may be potential clinical benefit to this strategy in CRC patients with high orlow
baseline NLR, there may be additionaladvantagesin the formergroup, who traditionally have

a pooreroutcome with standard chemotherapy.
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Chapter 5 Immune Responses in Melanoma

5.1 Introduction
5.1.1 Melanoma

The incidence of melanomaskin cancerisincreasing, with over 15,000 new cases diagnosed in
2014, makingitthe fifth most common cancer in the UK (466). As incidence increases with
age, the burden of disease continuestorise with an ageing population. Despite the rapid
improvementintreatmentoptions overthe last five years, malignant melanomastill accounts
for nearly 2,500 deaths peryear (466). Once LN-positive, five-year survivalfalls to
approximately 50 %. When distant metastases are present, prognosis may be only afew

months (467) and one year survival forstage IV disease is less than 50 % (468).

Risk factors forthe development of melanomaincludefair skin which burns easily, red or fair
hair, UV exposure (previous history of sunburn or use of sunbeds, especially atless than 35-
years of age (469)) and a geneticdisposition orfamily history. Individuals with greaterthan 50
moles or with dysplastic (abnormal appearing) naevi are also atincreased risk as they may be
a sign of familial conditions such as atypical mole syndrome orfamilialatypical multiple mole-
melanoma syndrome. Melanomais more likely to develop on the trunk or limbs, although

subtypesinclude mucosal and uveal melanoma.

Until recently, the mainstay of treatment was dacarbazine chemotherapy butthe emergence
of novel therapies have altered this paradigm. Forthe management of melanomawitha
mutation of the BRAF gene, vemurafenib canincrease OS from 9.7 to 13.6 months compared
to dacarbazine (470). More recently, use of the anti- CTLA-4antibody ipilimumab and anti-
PD-1/PD-L1receptorantibodies (immunecheckpointinhibitors) - used eitheralone orin

combination - can increase OS by modulatingthe immune response (189,471-473).
5.1.2 Pathology and Staging of Melanoma

Melanoma arises from melanocytes, the pigmented cells between the epidermis and dermis.
Pigmentationis due tothe production of melanin by melanocytes. Initially melanoma spre ads
outwards (the radial growth phase) and if detected and treated at this stage, outcomes can be
excellent. However, once lesions enter a vertical growth phase (VGP) and begin to grow
downwards into deeperlayers of the dermis, the risk of metastaticspreadincreases, at which
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pointthe disease can become essentially incurable (474). Suspicious lesions are subject to the
‘ABCDE’ assessment: whetherthey are asymmetrical, with irregular borders, have colour
change with a diameterover 6 mm or whetherthey evolveovertime (increaseinsize, bleed,
itch or form nodules). An excision biopsy of the lesion (with appropriate surgical margins) will

then determine the diagnosis.
The pathological subtypes of melanomainclude (475):

e Superficial spreadingmelanoma(SSM) e  Lentigomalignamelanoma
e Uvealmelanoma e Nodularmelanoma
e  Mucosal melanoma e  Acral lentiginous melanoma

e Desmoplasticmelanoma

As well as pathological classification, staging, especially of localised melanomas includes
tumour depth (Breslow thickness), number of mitoses (as a measure of tumour proliferation),
presence of TILs and the presence of ulceration. The extent of diseaseis determined using
TNM staging classification (Table5.1) (476). Measurement of serum LDH is also usedin
metastaticdisease and has been shown to be prognostic, with patients having an elevated
LDH at baseline havingashorter OS (477). Sentinelnode biopsyis used to determinethe
presence of micrometastatic LN disease, whereas macrometastatic LN disease is detected

clinically.

The histological features of melanoma can significantly impact survival. Ten-year survival for
T1 disease (lessthan 1 mm thickness) is 92 %, fallingto 50 % for T4 disease (melanoma greater
than 4 mm thick) (476). Similarly, the presence of ulceration in the primary tumourcan reduce
survival: ulcerated T4 disease (T4b) has a five-year survival of 53 %, whereas non-ulcerated
disease of the same T stage (T4a) is 71 % (476). OS also diminishes withincreasing age: for
early stage disease (land Il) five-year survivalfor patients aged between 40 - 49 is over 80 %,

reducingto 60 % in those over 80 years of age (467).
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Table 5.1 TNM staging of melanoma (adapted from 7*" AJCC) (476)

‘ Stage ‘ Tumour Thickness (mm) Ulceration/Mitosis
I T1 <1lmm Tl1a Without ulceration and mitosis <
1/mm?
T1b With ulceration or mitosis > 1/mm?
T2 1.01 -2 mm T2a Without ulceration
] T2b With ulceration
T3 2.01 -4 mm T3a Without ulceration
T3b With ulceration
T4 >4 mm T4a Without ulceration
T4b With ulceration
‘ ‘ Nodes Metastatic Nodes Nodal Burden
i N1 1 N1a Micrometastasis
N1b Macrometastasis
N2 2-3 N2a Micrometastasis
N2b Macrometastasis
N2c In transit metastasis
N3 > 4 LN or/and in-transit
metastases
‘ ‘ Metastases Site Serum LDH
\Y} Mia Distantskin, LN or lung Normal
M1b Any visceral Normal
Mic Any distant Elevated

5.1.3 Management of Localised Disease

Surgical managementisthe cornerstone of treatmentinlocalised disease. Surgical margins for
melanomas with a Breslow thickness of upto 2 mmshould be 1 cm (forstage | disease) and 2
cm for lesions with athickness of greaterthan 2 mm (stage ll disease) (478,479). Sentinel LN
biopsy (SNB) is considered for patients with lesions greaterthan 1 mm thick and, if positive,
completion lymphadenectomy should be considered (479,480). The presence of ulcerationin
the primary tumourand higher Breslow thickness both conferahigherrisk of positive SNB
(481). LN dissection canalso be considered for symptom control for patients with palpable

disease.

Forinoperable local disease of the upperorlowerlimb, systemictherapy may be considered
but local chemotherapy (usually melphalan) can be given by isolated limb perfusion (ILP).

Duringthis procedure, the blood supply to the affected limbisisolated and chemotherapy
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giveninhigherdosesthan would be tolerated systemically. Isolated limb infusionis asimilar
but simpler process, where chemotherapyis administered through radiologically-placed
catheters, ratherthan ILP where a perfusion machine (similarto a cardiopulmonary bypass
machine)isrequiredto keep the limb oxygenated. Using these techniques, CR or PR rates can

approach 50 %. (reviewed in (482)).

Adjuvant therapy for melanomahas been the majorchange overthe last few years. Ina phase
Il trial of adjuvantipilimumab, given until PD, five-year recurrence-free survival (RFS) inthe
treatment group was significantly increased (40.8% vs. 30.3 %) (483). However, serious
toxicity (grade 3or 4) was observedin 54.1 % patients and single agentipilimumab is currently
not approved foruse by the NICE. In contrast, trials of single agent anti-PD-1inhibitors have
shown significant benefit without unacceptable toxicity. In patients with resected stage Il
disease, one year of adjuvant pembrolizumab resulted in an increased one year RFS,
comparedto placebo, (75.4 % vs. 61.0 %) (484). In patients with mutationsin BRAF, treatment
with one year of combined therapy following resection (dabrafenib and trametinib) not only
increased RFS, butalso OS (86% inthe combination-therapy group vs. 77% in the placebo
group; 95% Cl 0.42 to 0.79; p=0.0006) (485).

5.1.4 Management of Advanced Disease

5.1.4.1 Chemotherapy

Although currently not usually first-line therapy, due to the many othertreatment options
available, chemotherapy with dacarbazine (DTIC) or carboplatin was the mainstay of
treatmentformanyyears. A small randomised phase lll trial (61 patients) did not demonstrate
a significantimprovementin OS when IFN-a was added to DTIC chemotherapy (486). In
addition, despite trials of combination therapy, RRs rarely exceed 20%. Trials of carboplatin
chemotherapy have demonstrated similar disappointing results. In one phase Il trial of
carboplatin, the RR of patients with stage IV disease was 16 % (487) and in anotherthe RR was
only 11 % with a median OS of 4.7 months (488).

Temozolomide (TMZ) is an oral analogue of DTIC which has shown some activityin melanoma
inearly phase trials. It has an advantage over DTIC as it can cross the blood brain barrier, so

has beeninvestigated in patients with melanoma brain metastases (489). In phase lll trials, RR
with TMZ alone was 13.4 % (490). When compared with standard-of-care DTIC, TMZ has been

shown to be comparable interms of OS (7.7 months vs. 6.4 months, respectively), although

153



this phase lll trial did not include patients with central nervous system (CNS) metastases (491).
In a retrospective study of patients receiving either DTIC or TMZ, the incidence of CNS disease

was significantly lowerinthe TMZ group (492).

5.1.4.2 Targeted Therapy

5.1.4.2.1 BRAF Inhibition

The use of targeted treatments has revolutionised the management of mutation-positive
melanoma. The most common mutationin melanomaisin BRAF, a RAF kinase, whichis found
inapproximately 40 % of patients with melanoma. Mutationsin BRAF lead to continuous
activation of the MAPK pathway (493). In the absence of mutationsinthe pathway, such as
BRAF, the MAPK pathway is usually activated by cell surface receptors (receptortyrosine
kinases, RTKs), such as the EFGR. Mutationsin BRAF lead to a nucleotidevariation at position
600 of the kinase. The most common of these (up to 80 %) is V600E, where valineis
exchanged forglutamicacid, although other mutationsinclude V600K (lysine in place of

valine).

The BRAF inhibitors (BRAFi) include vemurafenib and dabrafenib and can confer dramatic
benefits to patients with BRAF-mutated melanomain terms of disease control and OS (494).
In the BRIM-3 trial of vemurafenib vs. DTIC, there was a significantincreasein OS (136
monthsvs. 9:7 months, respectively) with over 50 % of patients treated with BRAFi havingan
objective diseaseresponse (470). Similarly, in another phase Il trial comparing DTIC to
dabrafenib, OSwas prolonged inthe BRAFi group (15.6 monthsvs. 18.2 months, respectively)
(495,496). The most common toxicities of BRAFi include pyrexia, arthralgia, diarrhoeaand
prolonged QT interval on electrocardiogram (470). In a class-effect manner (due to their
method of action) possible side-effects also include the development of skin lesions such as
squamous cell carcinoma (SCC) (497). This isdue to the effect of BRAFion WT non-
melanomatous cells: blocking BRAF in this situation may reveal other mutationsin the MAPK
pathway which then drive the development of SCC (498). Despite the good responses
demonstrated by patients on BRAFi, resistance to therapy will develop in most cases, usually
due to the development of secondary mutationsinthe MAPK pathway or by signalling
through alternative mechanisms, such as the PI3K/AKT pathway or upregulation of other cell -

surface RTKs (499,500).
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5.1.4.2.2 MEK Inhibition

MAPK/ERK kinases (mitogen-activated protein kinase kinase; MEK) are further downstream
from BRAF inthe MAPK pathway. Combination therapywith a MEK inhibitor (MEKi) and a
BRAFiisone way of avoiding resistance to BRAFis: by blocking the MAPK pathwayintwo
different ways and, by the same mechanism, decreasing the incidence of BRAFi-associated
skinlesionssuch as SCC (501,502). Single agent MEKi has some efficacyin patients with
mutationsin BRAF:in comparison with DTIC, MEKi with trametinibimproved PFSfrom 1.5 to
4.8 months and 6 month OS from 67 % to 81 % in patients with metastatic melanoma (503).
Clinical trials of combination therapy with BRAF/MEKi have shown significantly increased OS
and PFS compared to single agent BRAFi (502,504-506). Inthese studies RRs for combination
therapy were over 60 % (502,504,506).

5.1.4.3 Immunotherapy

The immune system has been shown to play an important partin the pathogenesis of
melanoma, with tumours displaying a large proportion of somatic mutations (507) which have
the potential to act as neoantigens to prime an anti-tumourresponse. Thisisillustrated by
case reports of spontaneous melanoma regression (508,509) but this phenomenonis halted in
most patients by the activity of immune checkpoints such as anti-CTLA-4and anti-PD-1. The
presence of PD-1expression on TlLs correlates with decreased OS and increased Breslow
thickness (201). There are a number of melanoma TAAs which have beenidentified, including
MART-1 and glycoprotein 100 (gp100) (471) which are prevalentin melanomatumours (510).
As such, they have the potential to be targeted by antigen-specific T cells, if this population
can be harnessed therapeutically. Melanoma TILs have been correlated with outcome and the
presence of positivesentinel node biopsy (481,511). Similarly, antigen-specificT cells are
foundinthe peripheral blood of over half of patients with melanoma (512). Being a
particularly immunogenictumour, melanoma was one of the first conditionsin which
immunotherapy was thoroughly investigated and broughtinto clinical use. Aswellas the
earlieruse of IFN, the field has expanded to include immune checkpoint blockade and novel

immune therapy such as OVs.

5.1.4.3.1 Checkpointinhibitors

The principle ofimmunotherapy in melanoma must be that, although any previousimmune
response has not been effective in clearingthe tumour, the potentialforan anti-tumour

immune response can be exploited by checkpointinhibition. Anti-CTLA-4 antibodies, such as
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ipilimumab and tremelimumab, block the interaction between the inhibitory molecule CTLA-4
on T cellsand CD80/86 on APCsand hence block the downregulation of Tcell activationand

initiate immune-mediated anti-tumour responses.

A phase Il trial demonstrated asignificantincrease in OS from 6.4 months to 10 months when
patients were given ipilimumab compared to gp100 (471). Survival at two years was 23.5 %,
comparedto 13.7 % (471). Thisfinding suggests thatimmunotherapy could potentially lead to
long-term disease control, eveninasmall number of patients. Indeed, long-term follow up of
177 patientstreated in multiple clinical trials with ipilimumab showed that the patients who
had CRs demonstrated ongoing disease control for up to 99 months (ongoingatthe time the

study was published) (513).

Similarly, the anti-PD-1antibodies, including nivolumab and pembrolizumab, prevent
inhibition of T cell activation at the site of the tumour (and elsewhere) and can enhance anti-
tumourT cell responses. Indeed, the expression of PD-L1on melanomatumourcellsis
associated with increased Breslow tumourthickness and poorer OS (201). When nivolumab
was given first-line as asingle agentto BRAF-WT patients with metastatic melanoma, there
was an increase in one year OS compared to DTIC chemotherapy (72.9% vs. 42.1 %,
respectively) with an objective RR of 40 % (473). Overall survival in the anti-PD-1treatment
group was not reached. Similarfindings were observed in a cohort of heavily pre -treated

patients receiving nivolumab: one year OSwas 62 % with a median OS of 16.8 months (472).

Toxicities of the checkpoint inhibitors are class-driven and usually autoimmune in origin.
Diarrhoea, nausea, fatigue and rashes are common with both anti-CTLA-4and anti-PD-1
antibodies. The concerningtoxicities include immune-mediated hepatitis, colitis, pneumonitis
and hypophysitis leading to symptoms of adrenal insufficiency. Treatmentis supportive, with
the use of high-dose steroids orimmunosuppression with agents such as the anti-TNF-a drug
infliximab (514). In a phase Il trial of pembrolizumab vs. ipilimumab (both given 3weekly), the
incidence of colitis of grade 3or greater wasreportedtobe 2.5 %vs. 7 %, respectively (515).
The frequency of hypophysitis was 0.4 % vs. 1.6 %. Pembrolizumab appears to have a higher
incidence of hepatitis and pneumonitis (any grade) (515). Consequently, asidefromthese
effects, the PD-1linhibitors seemto be bettertolerated. Whether pembrolizumab was given
every two or three weeks, RRs were similar (approximately 33 %) compared to 11.9 % for
patientstreated with ipilimumab. Survival at one yearfor 3 weekly treatment was 68.4% in

patients given pembrolizumab and 58.2% for those treated with ipilimumab (515). Due to this
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and otherstudies, anti-PD-1therapy is generally considered first-line priorto anti-CTLA-4
agentsin BRAF-WT patients.

Combination therapy with anti-PD-1and anti-CTLA-4is only considered in patients with a
good performance status, due to the increased risk of toxicity. Combination therapy with
nivolumab andipilimumab had a 7.7 % risk of severe colitis (compared with 0.6 % for
nivolumab) and a55 % incidence of any treatment-related severe adverse event (AE),
comparedto 16.3 % for nivolumab and 27.3 % foripilimumab alone) (516). Despite this, PFS
was 11.5 monthsinthe combination treatment group, comparedto 2.9 months for

ipilimumab alone (516).

5.1.4.3.2  Oncolytic viruses

OVsinfect, replicate inand are cytotoxicto malignant cells. They were initially thought to
exerttheireffect primarily through this mechanism of direct oncolysis but through further
study it has become clearthat they can generate animmunogenicanti-tumour response,

whichinsome casesis the more potent effect (section 1.5.4).

T-VECis a geneticallymodified HSV encoding the immunomodulatory cytokine GM-CSF. In the
phase | trial, T-VECwas given i.t. to patients with arange of solid tumoursincluding
melanoma, breast and gastrointestinal cancers (517). The main toxicities werelocal
inflammation, erythema and flu-like symptoms or fever. There was some evidence of clinical
response, includingin melanoma patients and, interestingly, in both injected and uninjected
lesions (517). The subsequent phase Il trial of T-VEC vs. GM-CSF alone confirmed that T-VEC
has efficacy in metastaticmalignant melanoma. These results demonstrated that not only did
T-VECincrease disease RRs (26.4 % vs. 5.7 %) but that this translated intoimproved median
0S (23.3 months for T-VECvs. 18.9 months for GM-CSF) (518,519). This furthersupportsthe
conceptof OVs havinga systemic, ratherthan simply localised, anti-tumour effect. As such, T-
VEC was the first OV to be recommend by NICE for the management of unresectable disease
in metastaticmelanoma (479). To further exploit the anti-tumour effects of T-VEC
combination studies with checkpointinhibition are currently ongoing with encouraging

preliminary results (520-522).

5.1.4.3.3  Monitoring response in immunotherapy

Radiological responses to treatment, especially in the context of clinical trials are usually
reported accordingto the Response Evaluation Criteriain Solid Tumours (RECIST) criteria. Due

to the potential forincreased tumour burden as aresult of immune infiltration
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(pseudoprogression), ratherthan true PD, the use of RECIST criteriain trials of
immunotherapy can have obvious pitfalls. In patients treated with ipilimumab, forexample,
PD at 12 weeks can then lead to shrinkage of measurable lesions and become either PRs or
even CRs overthe following number of months (523). This has led to the development of
immune-related response criteria (irRC) orimmune-RECIST which aim to more accurately
evaluate responses in patients receivingimmunotherapy and prevent early cessation of
treatment (524). In clinical trials of patients receiving pembrolizumab, 7% demonstrated
some type of atypical response, including pseudoprogression and 14 % had PD on classical
RECIST criteriavs. irRC(525). Patients with seemingly PD by RECIST (but not by irRC) had an
increased two year OS compared to patients who had PD by both criteria(37.5 % vs. 17.3 %,
respectively), showingthat pseudoprogression does not translate to attenuated responses
fromimmunotherapy (525). Amongst other recommendations in these modified response
criteria, seemingly PDshould be re-evaluated on repeated imaging to account for
pseudoprogression (inthe absence of obvious clinical deterioration). In these situations,

clinical assessment of responseisimportantin clinical decision making.

5.1.5 Immune Response in Melanoma

5.1.5.1 Innate Immunity

When NK cells from HDs are cultured with melanoma cell lines, the expression of activating
receptors (including NKp30, NKp44 and NKG2D) is diminished, suggestingone method by
which tumourcells, even with down-regulated MHC-I, can avoid NK cell mediated cytotoxicity
(18). NK cells exposed to melanoma cells also have diminished cytotoxic potential against
target tumourcellsina mannerdependenton IDO (animmunosuppressive enzyme produced
by some melanomacell lines) (18). Interestingly, melanoma cells taken from different
anatomical sites within the same patient have variable expression of NK-cellligands and thus
have different susceptibility to NK-mediated killing (526). Malignant cells from LNs were
shown to express greater levels of ligands for NKp44 and NKp46 than skin metastases from
the same patient (526). In in vivo models, mice injected with melanoma cells derived from skin
had a shorter survival thanthose receiving cells derived from nodal metastases, in the
presence of small numbers of NK cells (526). When the mice also received large numbers of
NK cells, all tumours were controlled and survival was prolonged, underlying the role of NK

cellsinimmune-surveillance and the importance of NK ligand expressioninthe TME.
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Although NK cells exhibit high levels of cytotoxicity ex vivo, the efficacy of this potential can
change at E:T ratios more in keeping with thatseeninthe TME. Indeed, when NK cells are
cultured with melanomacell lines at such ratios, the decrease in target tumour cell viability
was seentoslow and cease after two days (527). Thisphenomenon was due to upregulation
of MHC-I molecules on melanoma cells, mediated by NK cell production of IFN -y, which, in
turn, inhibited NK cell function (by engaging with inhibitory cell surface receptors). This
illustrates that, while NK activity may be enough to contain smallertumours, once the tumour
burdenincreases, NK-mediated cytotoxicity is diminished through a number of mechanisms,
leading to tumourescape (527). As well aslower frequencies of activating receptors, NK cells
in patients with melanoma express higherlevels of inhibitory receptors than HDs (25). For
example, higherlevels of TIM-3, which gradually increased on the population of peripheral NK
cells with stage of disease, is associated with poor prognosticfactors such as ulceration of the
primary tumourand Breslow thickness>1mm (25). Although these cells are functionally
impaired and displayed this exhausted phenotype, TIM-3 antibody blockade increased NK
cytotoxicity against melanoma cell lines and IFN-y production (25). Interestingly the BRAFi
vemurafenib has been shown to modify the immunogenicity of NK cells by increasing
expression of the ligand for NKp30but alsoincreasinginhibitory NK cell receptorligands such
as MHC-1 and decreasing otheractivating ligands for NKG2D (528). Treatment of melanoma
cells with vemurafenib also diminishes NK cell degranulation and IFN-y expression in vitro
(528), although there is conflicting data around this (529). This data should not be takenin
isolation, however, given the direct cytotoxic effect of BRAFi on mutated melanoma cells and
the influence they have overthe cytokine profile. As such, the inhibitory effect of MEKi (by the
modulation of NK activating receptors) can be attenuated by cytokines which would be found

inthe TME such as IL-15 and IL-18 (529).

5.1.5.2 Adaptive Immunity

Circulating melanoma antigen-specificCD8+ T cells have been detected in the peripheral
blood of patients with stage I11/IV melanoma; however, they were found to be functionally
poor (530). Although a majority of cells were phenotypically consistent with memory Tcells,
they were unable to eitherexpress CD69in response to stimulation, effectively lyse
melanomacell linesand/orproduce IFN-y and TNF-a (530). Otherstudies have seemingly
confirmedthis findingin patients with high levels of MART-1-specific CD8+cells. While the
presence of antigen-specificmemory T cells was not associated with anincreased survival,

patientswho had PD inthe first two months of chemotherapy (DTICor TMZ) had a higher
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proportion of MART-1-positive T cells (531). This was thought, in part, to be attributable to
both a high antigenloadinlater-stage disease and loss of HLA-A molecules on matched
tumourcells, thusinhibiting effective antigen presentation and activation of a CTL response.
Antigen-specificTcellsin peripheral blood express PD-1and target patient-specific
neoantigens (532). Examination of the peripheral blood of patients with metastaticmelanoma
has revealed the presence of antigen-specific Tregs which express FoxP3and secrete IL-100n
stimulation with antigen-peptides (such as NY-ESO-1) (533). These Tregs were also able to

suppress T cell proliferation in vitro.

It has been postulated that BRAF-mutated melanoma may be more immunogenicthan BRAF-
WT; examination of PBMCs from BRAF-mutated melanoma patients has revealed populations
of BRAF-mutant specificCD4+and CD8+ T cells (534,535). Treatment with BRAFi could,
therefore, stimulateadirect cytotoxiceffect as well asanimmunogenicone by increasingthe
proportion of antigen-positive T cells and diminishing the immunosuppressiveinfluence on

the background of an already ‘primed’ immune response (536,537).

The effect of checkpointinhibition on both the innate and adaptive immune responseis

discussedin detail in section 1.5.2.

5.1.5.3 Tumour Infiltrates

The prognosticimplication of TILs is well documented in many cancers, including melanoma,
whereitisseento be a surrogate markerof an anti-tumourimmune response. The phenotype
of these cellsisalsoimportantin determining the balance between pro-tumourand an anti-
tumour TME (538). In melanoma, infiltration of TILs is subdivided into absent, non-brisk (local
infiltration) or brisk (extensiveinfiltration throughout the VGP). Perhaps as expected, the
absence of TILs inthe primary melanoma have also been shown to predict for positive SNB:a
brisk TIL infiltrate was associated with a 3.9 % chance of positive SNB, compared to 26.2 % for
melanomas with absent TlLs (481). Data on the prognosticvalue of TILsin melanomais
conflicting, with some studies showing astrong advantage with the presence of brisk TILs in
VGP (5 yearOS 77 % vs. 37 % for absent TlLs) (511) and others showing no advantage (five
year 0S 86 % for presence of TILs vs. 90.1 % with absent TILs) (539). The phenotype of TiLsis
obviouslyimportant and so even melanomas with a brisk TILinfiltrate may have a poorer
prognosisifthe T cells are exhausted and anergic. As such, the presence of peritumoural T
cells positiveforthe activation markers CD25 and OX40 is associated with decreased

metastaticpotential andincreased OS (212). Similarly, while the presence of Fox P3+Tregsin
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the TME suppress the anti-tumour responses of CD4+and CD8+ T cells (540), higher
expression of Ty1 cytokines (such as IL-2) in primary melanomasamples are associated with

tumourregression (541).

BRAFi can alterimmune cell infiltration into melanoma: CD8+TILs were seentoincrease
following treatment (536) and diminished again on PD (537). Greater infiltration of CTLs is also
associated with elevated melanoma antigen presentationin tumour biopsies (536). This was
alsotrue forpatients receiving dual BRAFi/MEKi. Interestingly, one patient from this study
who developed PDonsingle agent BRAFi and had decreased CTLs on tumour biopsy at that
time was commenced on dual therapy with the addition of a MEKi. Furthertumour biopsy
demonstrated anincrease in CD8+ infiltrate and positive antigen staining (536). As expression
of TIM-3 and PD-1rise after BRAFi (presumablyas a marker of exhaustion), thereis arationale
for combined BRAF/checkpointinhibitortherapy. Phase I/Il trials of dual BRAFi/MEKi plus anti-
PD-1 antibody (NCT02130466) or anti-PD-L1antibody (NCT02027961, NCT01656642) are

ongoing.

In a cohort of patients receiving treatment with the anti-PD-1antibody nivolumab (the
majority being patients with melanoma), evaluation of archival tissue revealed that PD-L1
expression on tumour cells was associated with an enhanced tumourimmune cell infiltrate
and increased expression of both PD-1and PD-L1 onimmune cells (325). This correlated with
both clinical benefit (disease response/stability for>6 months) and objective response by

RECIST (325).

5.1.5.4 Cytokine Production

The cytokine profile of the TME and the immune response can influence the pathophysiology
of melanomaanditsresponse to therapy. Cultured melanoma cell lines express low levels of
IFN-y, IL-2and TNF-a but higherlevels of IL-8, IL-6 and TGF- (446). Although normal
melanocytes can produce low levels of TGF-f3, levels of the isoforms TGF-B2and TGF-33
increase in progression from melanocytes to in situ melanomas and finally, to metastatic
melanoma (542). These findings suggest a possible role for TGF-B in the metastatic potential
of melanoma, presumably contributing to the suppression of an anti-tumour response.
Similarly, expression of IL-10 by melanocytes/melanoma cells has been observed to correlate
to tumourstage (543). Interestingly, increased levels of IL-10 corresponded to a shift between

the radial and vertical growth phasesin melanomatissuesamples (543).

161



Higherserumlevels of MCP-1are associated with a lower RECISTresponse to treatment with
BRAFi (161). Once again, as a chemokine for macrophages, this may representanincreasein

M2 TAMs, which are associated with poorer prognosis (section 1.2.6).

IL-8 is a potentchemokine forgranulocytes (particularly neutrophils)and thus contributes to
the phagocytosis of pathogens. Itis also pro-angiogenicand has beenimplicated in tumour
development (544). Transfection of melanomacells with IL-8 promoted both tumourigenic
and metastatic potential by upregulating MMP-2in in vivo models (545). As well as IL-8, levels
of otherangiogeniccytokines, such as VEGF, are noted to be elevated in patients with
melanoma (546). Higher serumlevels of both IL-8 and VEGF are associated with poor
prognosisand lower PFS (546). Treatment of melanomacell lines with a MEKi in vitro led to a
reductioninlevels of both IL-8 and VEGF (547). Similarly, in patients treated with BRAFi, IL-8
decreasedsignificantly overthe course of therapy, which, inturn, correlated witharise in
CD8+ CTLs in paired tumour biopsies (161). Surprisingly, alarger decline inserum levels of IL-8
correspondedtoa reductionin OS(161). Higherbaseline IL-8levels were associated with
enhanced tumour burden, potentially identifying a group of patients with a poorer prognosis
compared to the group with lowerbaseline IL-8levels. Although treatment with BRAFi/MEKi
can potentially initiate anti-tumourresponses through the release of TAAs, these datasuggest
that they can also manipulate the TME and systemicimmuneresponse in other ways.
Similarly, adecrease inIL-8 with anti-PD-1antibody therapy correlates with disease response
and an early fall in IL-8 (within the first few weeks of therapy) with improved OS (548).
Interestingly, inthe three non-melanoma patientsin this study who exhibited
pseudoprogression onimaging, IL-8levels remained low (548), suggesting the potential for IL-

8 as a biomarker for checkpointinhibitortherapy.

5.1.6 Rationale for Current Study

The current study aims to further delineate the immune response in patients receiving
immune checkpointinhibitors for treatment of metastaticmelanoma. We aimed to
investigatethe response of patients receiving first-line treatment, as previous datafrom early
phase trials likely included heavily pre-treated patients, in whom immune responses may be

skewed due tothe advanced nature of the disease and previous lines of treatment.

Peripheral blood from patients receiving first-line checkpointinhibitors for metastatic
melanoma (ipilimumab or pembrolizumab) was analysed to determine the immune response

to these therapies, specifically:
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Furthervalidation of the panel of immune assays, showing that the protocols we have
developed are robustin different cohorts of patients.

Immune cell activation potential using a novel immunophenotyping panel, NK
degranulation and *1Cr-release assays and analysis of the adaptive immune response
throughthe assessmentof IFN-y production to specific melanomaTAAs and viral
peptidesin ELISpot assays.

Analysis of patterns of cytokine production using Luminex assays.

Comparison of the changesinimmune response between patients receiving the anti-
CTLA-4 antibody ipilimumab and the anti-PD-1antibody pembrolizumab.
Identification of patternsinthe immune response between patients with melanoma

receivingimmunotherapy and patients with CRCreceiving chemotherapy.
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5.2 Melanoma Results

5.2.1 Patient Recruitment and Demographics

Seven patients due to receive standard-of-care ipilimumab were consented for blood sample
collection between April 2015 and March 2016. A dose of 3mg/kg was administered every
three weeks until progression or unacceptable toxicity, foramaximum of four cycles (12
weeks). Sequential blood samples at baseline, 6weeks and 12 weeks were collected and
analysed fromthree patients (43 %) (Figure 5.1). A furtherthree patients had only baseline
samples collected. One patient had two samples collected. Where samples were not collected,
thiswas usually due toclinical deterioration, patients not returningto clinicordeclining blood
sampling. Only patients who had multiple samples taken (including a baseline sample) were

included inthe analysis of change inimmune function overtime.

7 patients consented
prior to planned
treatment with

ipilimumab
3 patients had 3 of 3 3 patients had only 1 patients had 2 of 3
planned samples baseline samples planned samples
collected collected collected

Included in analysis

Figure 5.1 Recruitment of patients prior to ipilimumab therapy

Duringthe period of the study, treatment with pembrolizumab became the standard-of-care
for firstline treatment of melanoma as an alternative to BRAFi. Seventeen patients due to
receive pembrolizumab were consented for blood sample collection between December 2015
and April 2017. Treatment was administered every three weeks at a dose of 2mg/kg until
disease progression ortoxicity. One patient was subsequently discovered to have an

additional diagnosis of B cell chroniclymphocyticleukaemia (CLL) and so was excluded from
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the analysis. Single baseline samples were received from two patients and one patientonly

had samplestaken at baseline and 12 weeks. Four patients had samples taken at baseline and

6 weeks only. Atotal of nine patients (53 %) had all three planned samples collected
(Figure 5.2). Once again, where samples were not collected, this was due to clinical

deterioration ordeath.

17 patients consented

prior to planned
treatment with
pembrolizumab

9 patients had
3 of 3 planned
samples
collected

4 patients had
2 of 3 planned
samples
collected
(baseline and 6
weeks)

1 patient had 2
of 3 planned
samples
collected
{baseline and
12 weeks)

2 patients had
only baseline
sample
collected

1 patient had
CLL so not
included in

analysis

Figure 5.2 Recruitment of patients prior to pembrolizumab therapy

As previously, only patients who had multiple samples taken (including abaselinesample)

were includedin the analysis of change inimmune function overtime. Samplecollection for

all patientsisshownin AppendixTables 8.7and 8.8. Patient demographics for those being

treated with ipilimumab are shownin Table 5.2 (n=3). Patient demographics for those being

treated with pembrolizumab are shownin Table 5.3 (n=16).
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Table 5.2 Patient demographics for those receiving treatment with ipilimumab.

Sex Mean Age ECOG Performance Status at Baseline

Male 3 (100 %) Male 70.3 years 0 1(33%)
Female 0 Female 0 1-2 2 (67 %)

Both 70.3 years 3-4 0

Primary Tumour Site Previous Therapy

Upper limb 1(33%) IFN 1

Lower limb 1(33%) BRAFi 0

Torso 0 MEKi 1

Head/Neck 1(33%) Temozolomide 0

Unknown primary 0 Ipilimumab 0

No previous therapy 1

Histology of Primary Tumour

Number of Metastatic Sites

Mutational Status

Breslow Thickness of Primary Tumour

SSM 1(33%) 1 2 (67 %) BRAF 0 <1mm 0
Nodular 0 2 0 NRAS 1(33%) 1.01 -2 mm 1(50%)
Ocular 0 >3 1(33%) No mutation 2 (67 %) 2.01 -4 mm 0

Unknown 2 (67 %) >4 mm 1 (50 %)
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Table 5.3 Patientdemographics for those receiving treatment with pembrolizumab.

Patient Demographics (n/%)

Sex Mean Age ECOG Performance Status at Baseline

Male 13 (81 %) Male 58.2 years 0 5(31%)
Female 3(19%) Female 56.3 years 1-2 11 (69 %)

Both 57.9 years 3-4 0

Primary Tumour Site Previous Therapy

Upper limb 2 (12.5 %) IFN 0

Lower limb 6 (37.5 %) BRAFi 4

Torso 3 (19 %) MEKi 0

Head/Neck 1(6%) Temozolomide 1

Unknown primary 4 (25 %) Ipilimumab 1

No previous therapy 11

Histology of Primary Tumour

Number of Metastatic Sites

Mutational Status

Breslow Thickness of Primary Tumour

SSM 6 (37.5 %) 1 4 (25%) BRAF 6 (37.5 %) <1mm 2 (18 %)
Nodular 5(31.5 %) 2 8 (50 %) NRAS 4 (25 %) 1.01-2mm 3 (28%)
Ocular 1(6%) >3 4 (25 %) No mutation 6 (37.5 %) 2.01 -4 mm 2 (18 %)
Unknown 4 (25 %) >4mm 4 (36%)




Peripheral blood subsets and clinical markers are shownin Table 5.4.

Table 5.4 Patient peripheral blood parameters prior to therapy

Ipilimumab (n=3) Pembrolizumab (n=16)

Baseline Platelet Count

>ULN 1(33%) 1(6%)

<ULN 2 (67 %) 15 (94 %)

Baseline Neutrophil Count

2ULN 1(33%) 2 (12.5 %)

<ULN 2 (67 %) 14 (87.5 %)

Baseline Lymphocyte Count

<LLN 0 2 (12.5 %)

>LLN 3 (100 %) 14 (87.5 %)
Serum LDH

> ULN 1(33%) 10 (62.5 %)

< ULN 2 (67 %) 6 (37.5 %)

5.2.1.1 Survival outcomes

Patients were stratified to determineif any survival advantage was apparent. No patients
were lostto follow-up for survival data. Datawas censored on 4" September 2017. Median OS
for the whole group (those treated with ipilimumab and those treated with pembrolizumab)
was 202.5 days. There was no survival difference seen with either Breslow thickness at
baseline or BRAF mutational status (datanot shown). There was increased survival in patients
withan LDH level of lessthan the ULN but likely due to the small number of patients, this did
not meet statistical significance (Figure 5.3). This had been shown in otheranalyses of

patients with melanoma (477,549).
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Figure 5.3 Overall survival of melanoma patients stratified by baseline LDH levels

All patients were grouped according to peripheral blood LDH prior to starting checkpoint
inhibitor (n=19, 16 patients priorto starting pembrolizumab and 3 priorto starting
ipilimumab).

5.2.2 Evaluation of Patient Immune Responses During Therapy with Immune

Checkpoint Inhibitors: Immunophenotyping

5.2.2.1 Immune cell activation status was altered following pembrolizumab

treatment

PBMCs collected from patients being treated with checkpointinhibitors were
immunophenotyped using Duraclone tubes to evaluate the effect of ipilimumab or
pembrolizumab onthe immune system. Specific cell populations were analysed for expression
of both markers of cellular activation and checkpoint receptor molecules. In the
pembrolizumab-treated group CD69 remained unchanged by treatment on CD4+ and CD8+ T
cellsand B cells (Figure 5.4a-c). However, CD69 expression on the NKand y&T cell populations
was more pronounced at baseline and declined overtime; the decrease was significant
between baseline and 6 weeks (p=0.0461 and p=0.0398, respectively) (Figure5.4d, e).
Furthermore, CD69 expression ony8T cells continued to fall up to 12 weeks (p=0.0078)
(Figure 5.4e). In contrast, there was no appreciable difference in otheractivation markers,
such as HLA-DR and CD86 (monocytes and B cells), CCR7 (NK/NKT cells, y6T cells, CD4+and
CD8+ T cells) and CD25 (CD4+and CD8+ T cells) Appendix Table 8.9.
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Figure 5.4 CD69 expression onimmune cell sub-populations overthe course of treatment
with pembrolizumab

Cryopreserved PBMCs were immunophenotyped and CD69 expression onimmune cell sub-
populations determined by flow cytometry. The percentage expression of CD69 overthe
course of immunotherapy with pembrolizumabis shown on: CD4+ T cells (a), CD8+ T cells
(b), B cells(c), NKcells (d) and y&T cells (e) (n=13 for B cells, all other graphs show n=14).

In the ipilimumab treated group (n=3), overall, there was no significant difference over the
course of treatment forany of the markersinvestigated on any cell populations. Thisincluded
CD69 on CD4+ and CD8+ T cells, NK cells and B cells (data not shown). Additionally, after
resting overnight, the monocyte populationinthesethree patients was too small to gain any

meaningful data.
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5.2.2.2 Checkpointinhibitors are efficient at blocking target molecules

Following treatment, immunecells were also analysed for changesin expression of relevant
immune checkpoint receptors and theirrespective ligands. As expected, due to binding of

pembrolizumab toits receptor PD-1, expression fell overthe course of treatment (Figure 5.5).

In patients treated with pembrolizumab, PD-1expression on CD4+ and CD8+ T cells was
reduced at both 6 and 12 weeks (CD4+cells p=0.0002 and p=0.0488, respectively; CD8+ cells
p=0.0015 and p=0.0117) (Figure 5.5a and b). This was also observed ony&T cells between
baseline and 6 weeks (p=0.0410) (Figure 5.5c). Treg PD-1 expression was also attenuated over
the course of treatment (p=0.0215 at 6 weeks and p=0.0098 at 12 weeks) (Figure 5.5d). There
was no change demonstratedin PD-1expression on NK cells, NKT cells, B cells ormonocytes.
Similarly, there was no significant change in the proportion ofimmunecells expressing PD-L1

overthe 12 weeks of treatment. No significant changes were seenin any other cell population

Appendix Table 8.9.
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Figure 5.5 PD-1 expression onimmune cell sub-populations overthe course of treatment
with pembrolizumab

Cryopreserved PBMCs were immunophenotyped and PD-1expression onimmunecell sub-
populations determined by flow cytometry. The percentage expression of PD-1overthe
course of immunotherapy with pembrolizumabis shown on: CD4+T cells (a), CD8+ T cells

(b), yoT cells (c) and Tregs (d) (all n=14).
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In the patients treated with ipilimumab, expression of CTLA-40n CD4+, CD8+ T cellsand NK
cellsalsofell overthe course of treatment (due to binding of CTLA-4 by ipilimumab). Whereas
the reductionin PD-1 expression with pembrolizumab treatment was significant, this was not

the case for CTLA-4 expression with ipilimumab (Figure 5.6)
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Figure 5.6 CTLA-4 expression onimmune cell sub-populations overthe course of
treatment withipilimumab

Cryopreserved PBMCs were immunophenotyped and CTLA-4 expression onimmune cell
sub-populations determined by flow cytometry. The percentage expression of CTLA-4over
the course of immunotherapy with ipilimumabis shown on: CD4+ T cells (a), CD8+ T cells

(b) and NK cells (c) (all n=3).

Finally, when looking at both patient groups, there was no appreciable difference inthe
expression of CTLA-4on immune cell subsets from patients treated with pembrolizumab. The

same was true for PD-1 expressioninthose treated with ipilimumab (data not shown).
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5.2.2.3 Expression of PD-1 on immune cell populations at baseline correlates with

overall survival

Overall survival was calculated for all melanoma patients priortoreceiving treatmentwith a
checkpointinhibitor (pembrolizumab oripilimumab). Patients were stratified according to
baseline PD-1expression onimmune cellsand whether this was less than or greaterthan the
median levels within the treatment group (Figure 5.7). Greater PD-1expression on both CD8+
T cells( Figure 5.7a) and B cells (Figure 5.7b) correlated with significantly decreased OS (222
daysvs. median OS not met, p=0.0476, HR 4.19, 95 % Cl 1.128 to 15.56 and 174 days vs.
median OS not met, p=0.0482, HR 4.213, 95 % Cl 1.134 to 15.65, respectively). There was no
relationship between PD-1expression on CD4+T cellsand OS (data not shown). Conversely,
PD-1expression on Tregs conferred anincreased OS but this did not reach statistical

significance (Figure 5.7c).
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Figure 5.7 Overall survival of all melanoma patients who received an immune checkpoint
inhibitor, stratified according to baseline PD-1 expression

Patients were stratified according to the median expression of PD-1onimmune cell
populations priorto therapy. Survival was calculated as days fromreceiving the first dose of
immunotherapy. All patients were evaluablein the survival analysis. Thisis shown for: CD8+
T cells(a), B cells (b) and Tregs (c) (n=17: 14 patients priorto starting pembrolizumab and 3
priorto startingipilimumab).

There was no relationship between OS and baseline PD-1expression on any otherimmune
cell populations. Similarly, CTLA-4 expression did not correlate with OS on any of the cell

populations at baseline (data not shown).

174



5.2.2.4 Immune checkpoint inhibition does not affect Treg frequency, although L-

selectin expression is enhanced

Treg frequency and otheractivation markers were analysed fortheir response to treatment.
In patients treated with pembrolizumab, there was no significant change in the frequency of
FoxP3+Tregs overtime, eitheras a definitive population norasa proportion of CD4+ T cells
(Figure 5.8a and b). However, the expression of CD62L on Tregs increased between baseline

and 12 weeks (p=0.0254) (Figure 5.8c).
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Figure 5.8 Changesin Treg populationsin patients overthe course of treatment with
pembrolizumab

Cryopreserved cellswereimmunophenotyped for Tregs. The percentage of FoxP3+Tregs
(a) andthe Treg:CD4 ratio (b) were determined by flow cytometry. The percentage
expression of CD62L on Tregs was also calculated (c) (all n=14).

In patients treated with ipilimumab, there was no change in the population frequency of Tregs

nor expression of CD62L on Tregs (data notshown).
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5.2.2.5 Immunophenotypingfresh PBMCs reflects the results of cryopreserved

PBMCs

Duringthe latter stages of sample collection, it was possible to performimmunophenotyping
on freshlyisolated (non-cryopreserved) PBMCs from patients being treated with

pembrolizumab. A total of seven pembrolizumab patients had samples collected and analysed

as fresh PBMCs.

As seen whenimmunophenotyping cryopreserved PBMCs (Figure 5.4), there was a trend
towardsa fallin CD69 expression on CD4+, CD8+ T cells, NKT cellsand y6T cells, particularly
overthe first 6 weeks of pembrolizumab therapy (Figure 5.9). When evaluating NKT cells, this
difference was significant (p=0.0469). There was no significant changesin CD69 expression on

NK cells, monocytes or B cells (data not shown).
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Figure 5.9 CD69 expression on fresh immune cell sub-populations overthe course of
treatment with pembrolizumab

Fresh PBMCs were immunophenotyped and CD69 expression onimmune cell sub-
populations determined by flow cytometry. The percentage expression of CD69 over the
course of immunotherapy with pembrolizumabis shown on: CD4+ T cells (a), CD8+T cells
(b), NKT cells (c) and y&T cells (d) (all n=7).
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In additiontothe decrease in CD69, interrogation of fresh blood revealed asignificant
reductionin CD25 expression on both CD4+ and CD8+ T cells between baseline and 6 weeks
(p=0.0313 and p=0.0156, respectively)(Figure5.10). Of note, this was not demonstratedin
cryopreserved cells (AppendixTable 8.9).
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Figure 5.10 CD25 expression on freshimmune cell sub-populations overthe course of
treatment with pembrolizumab

Fresh PBMCs were immunophenotyped and CD25 expression onimmune cell sub-
populations determined by flow cytometry. The percentage expression of CD25 overthe
course of immunotherapy with pembrolizumabis shown on: CD4+ T cells (a) and CD8+ T
cells (b) (n=7).

As already demonstrated with cryopreserved PBMCs, treatment with pembrolizumab lowered
levels of PD-1onimmune cell populationsinfresh whole blood. This decrease was significant
between baseline and 6 weeks on CD4+ T cells, CD8+ T cells, NKT cells, y6T cellsand Tregs
(p=0.0156, p=0.0156, p=0.0156, p=0.0313 and p=0.0156, respectively) (Figure5.11). Between
baseline and 12 weeks, there was a significant reduction in PD-1expression on CD4+T cells,
CD8+ T cells, NKT cellsand Tregs (all p=0.0313). Additionally, PD-1expression on NKT cells fell
significantly between 6 weeksand 12 weeks (p=0.0313). There was nosignificantchange in

PD-1 expressionon NKcells, Bcells or monocytes (datanot shown).
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Figure 5.11 PD-1 expression on freshimmune cell sub-populations overthe course of
treatment with pembrolizumab

Fresh PBMCs were immunophenotyped and PD-1expression onimmune cellsub-
populations determined by flow cytometry. The percentage expression of PD-1overthe
course of immunotherapy with pembrolizumab is shown on: CD4+ T cells (a), CD8+ T cells

(b), NKT cells (c), y6T cells (d) and Tregs (e) (all n=7).

As seen whenimmunophenotyping cryopreserved PBMCs, when fresh PBMCs were analysed,
there was no significant change in the otheractivation markersinvestigated, including PD-L1,
HLA-DR, CD86 and CD11c on monocytes and B cellsand CCR7 on the immune cell populations

described in Appendix Table 8.9 (data not shown).
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Alsoreflecting the resultsfrom cryopreserved PBMCs, there was no change in the proportion
of FoxP3+Tregs overtreatment. In contrast to the cryopreserved PBMCs, no change in CD62L

positivity was observedin the fresh Treg population (data notshown).

As shown in previous chapters, analysis of cryopreserved PBMCs is comparable to that of
freshimmune cell populations. Although there may be some change inthe magnitude of the

positive populations, the pattern of expression between time points seemto be retained.

5.2.3 Evaluation of Patient Immune Responses During Therapy with Immune

Checkpoint Inhibitors: Cytokine/Chemokine Profile

5.2.3.1 The cytokine/chemokine profile of patients receiving pembrolizumab

changes during treatment

Evaluation of plasma levels of cytokines and chemokines overthe course of therapy with
checkpointinhibitors revealed a unique profile in patients receiving pembrolizumab. While
there were increasesinanumber of pro-immune cytokines and immune cell chemokines, a

fallin some T2 cytokines was also demonstrated.

A total of 48 chemokinesand cytokines were evaluated by Luminex in patients receiving
pembrolizumab. Of these, nine werebelowthe lower detection limits of the assay (Appendix
Table 8.10). Additionally, in this patient group, there were 29 chemokines and cytokines that
did not demonstrate an appreciable orsignificant difference overthe 12 week investigational
period (AppendixTable 8.11). Three of the evaluable cytokines significantly decreased in
concentration overthe first 6 weeks of therapy: the T,;1 cytokine IFN-y and the T;2 cytokines

IL-4 and IL-5 (p=0.0398, p=0.0381, p=0.0398, respectively) (Figure 5.12).
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Figure 5.12 Change in IFN-y, IL-4 and IL-5 levels over the course of treatment with
pembrolizumab

Cytokine analysis was performed using Luminex assays and the change in concentration
(pg/ml) of IFN-y (a), IL-4 (b) and IL-5 (c) were compared overtime (all n=14).

Seven cytokines were seen to elevate overthe course of treatment with pembrolizumab. Over
the first 6 weeks, there was asignificantincreaseinlevels of IL-16 (p=0.0327), IP-10
(p=0.0081), MIG (p=0.0002), SCF (p=0.0498) and SCGF-B (p=0.0171) (Figure 5.13a-e).In

addition, levels of IL-16 (p=0.0098), MIG (p=0.002), SCF (p=0.0195), IL-3 (p=0.0488) and IL-18
(p=0.0273) alsoincreased overthe 12 weeks of treatment (Figure 5.13a, ¢, d, f, g).
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Figure 5.13 Change in chemokine and cytokine levels overthe course of treatment with
pembrolizumab

Cytokine analysis was performed using Luminex assays and the change in concentration
(pg/ml) of IL-16 (a), IP-10 (b), MIG (c), SCF (d), SCGF-B (e), IL-3(f) and IL-18 (g) were
compared overtime (all n=14).
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5.2.3.2 The cytokine/chemokine profile of patients receiving ipilimumab has

varying responses to treatment

The same Luminex panels were used to analyse plasmafrom the three patients being treated
withipilimumab. There were 12 cytokines and chemokines that were not detected or that
were below the standard curve forthese samples (Appendix Table 8.12). Of the remaining
solutes, none were seen to change significantly overthe course of the 12 week treatment
period. Thisislikely due to acombination of sample size (n=3) and patient numberone

seemingly being an outlier, when evaluating levels of cytokines such as IFN-y, IL-4and IL-5

(Figure 5.14).
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Figure 5.14 Changesin plasma levels of IFN-y, IL-4 and IL-5 overthe course of treatment
with ipilimumab

Cytokine analysis was performed using Luminex assays and the change in concentration
(pg/ml) of IFN-y (a), IL-4 (b) and IL-5 (c) were compared overtime (n=3).

Althoughthere were nosignificant differencesin cytokineand chemokine levels with
ipilimumab administration, therewas a noticeable trend that reflected changes seeninthe
cohort of patients receiving pembrolizumab for some solutes. Of note, levels of IL-3, IL-18,

MIG and SCFincreased between baseline measurementand 12 weeks ( Figure 5.15).
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Figure 5.15 Change in chemokine and cytokine levels overthe course of treatment with
ipilimumab

Cytokine analysis was performed using Luminex assays and the change in concentration
(pg/ml) of IL-3(a), IL-18 (b), MIG (c) and SCF (d) were compared overtime (all n=3).

5.2.4 Evaluation of Patient Immune Responses During Therapy with Immune

Checkpoint Inhibitors: Innate Functional Activity

5.2.4.1 NK cell function is not significantly altered over time in patients being

treated with pembrolizumab.

Although checkpointinhibitors wereinitially used to targetand moderate T cell activity,
evidence shows that NK cells can be a potential targetalso. As such, the effect of checkpoint
inhibition on NK cell activity was assessed in our patient cohort. NK cell function was
measured by CD107 degranulation assays against tumourtargets. There was asignificant
decrease in CD107 expression on NK cells against K562 tumour cells between baselineand 12
weeks (p=0.0059) (Figure 5.16a). However, the change in percentage population was modest

(median CD107 expression at baseline 23 %, at 12 weeks 16.5 %). NK cell degranulation
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against melanomatarget cells (Mel624 and Mel888) did not change significantly over the 12

weeks of treatment with pembrolizumab (Figure 5.16b, c).
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Figure 5.16 Degranulation of patient NK cells against tumour targets over the course of
treatment with pembrolizumab

Cryopreserved PBMCs were used in degranulation assays to assess NK cell functional
capacity againsttumour targets. Percentage CD107 expression on NK cells overtreatment,
as determined by flow cytometry, is shown against: K562s (a), Mel624s (b) and Mel888s (c)
(n=11).

Chromium-release assays did not demonstrate asignificant change over 12 weeks of
pembrolizumab therapy (Figure 5.17). Asseenin the degranulation assays, cytotoxic potential
of PBMCs was lower against melanoma cells lines (Mel624 and Mel888) when compared to

the K562 tumour cell line.
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Figure 5.17 Cytotoxicity of patient NK cells against tumour targets overthe course of
treatment with pembrolizumab

Cryopreserved PBMCs were used in >1Cr-release assays to assess NK cell functional capacity
against>'Cr-labelled tumourtargets. Cytotoxicityatan E:T ratio of 100:1 is shown over
treatmentis shown against: K562s (a), Mel624s (b) and Mel888s (c) (n=11).

5.2.4.2 Innate immune function in patients treated with ipilimumab mostly reflects

that of patients treated with pembrolizumab

In patients receivingipilimumab, the levels of both NK cell degranulation ( Figure 5.18) and
cytotoxicity of PBMCs (Figure 5.19) were considerably lower against Mel624 and Mel888
target cells. Against K562 cells, both CD107 expression and PBMC-mediated cytotoxicity
trended toward a decrease between baseline and 12 weeks but this was not significant
(Figure 5.18a and Figure 5.19a). Once again, the small patient population (n=3) limited the

statistical significance of thesefindings.

185



K562 (b) Mel624

—
Q)
—

o
o
I
@
=)
1

IN
o

w
o
L

% CD107 Expression
= N
S) o
;_|7I
| |
% CD107 Expression
= N
15 )
L
| |

o

Mel888

—
(2)
~—

= = ~
5) o o
1 1 1

% CD107 Expression
»
)

o

I ——
T T T
o o o
N O ot
7 & N

kd
® © Mg

@ )

Figure 5.18 Degranulation of patient NK cells against tumour targets over the course of
treatment withipilimumab
Cryopreserved PBMCs were used in degranulation assays to assess NK cell functional

capacity against tumour targets. Percentage CD107 expression on NK cells overtreatment,
as determined by flow cytometry, is shown against: K562s (a), Mel624s (b) and Mel888s (c)

(n=3).
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Figure 5.19 Cytotoxicity of patient NK cells against tumour targets overthe course of
treatment withipilimumab

Cryopreserved PBMCs were used in >1Cr-release assays to assess NK cell functional capacity
against>'Cr-labelled tumourtargets. Cytotoxicityatan E:T ratio of 100:1 is shown over
treatmentis shown against: K562s (a), Mel624s (b) and Mel888s (c) (n=3).

In a pooled analysis of patients who were about to start treatment with eitheripilimumab and
pembrolizumab, there was no appreciable OS benefit according to baseline NK cell activity,
either by evaluating cytotoxicity or CD107 expressioninresponsetotargetcells (datanot

shown). Once again, patient numbers weretoo small to evaluate OSinindividual groups (only

ipilimumab oronly pembrolizumab groups).

5.2.5 Evaluation of Patient Immune Responses During Therapy with Immune

Checkpoint Inhibitors: Adaptive T cell Response

ELISpot assays were performed to assess antigen-specific T cell responses of patients receiving

checkpointinhibitors overa 12 week investigational period. Cryopreserved PBMCs were
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thawed and incubated with the MART-1 TAA or CEF viral peptide pool. T cell responses were
measured by production of IFN-y (SFU).

5.2.5.1 T cell responses to viral peptidesin patients treated with checkpoint

inhibitors

A viral peptide pool (CEF) was utilised to determine pan T cell antigen recall responsesin these
patients. As expected, the response of patients was highly variable. One patient had a uniform
T cell response to CEF peptide overthe ipilimumab treatment period ( Figure 5.20a) and one
patient had a similar magnitude of response at baselineand 6 weeks, with aslight decreased
by the 12 week time point (Figure 5.20b). The third patient treated with ipilimumab had avery

high response to CEF across all time points, that was too high to count (data notshown).
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Figure 5.20 T cell responses to CEF viral peptide poolin patients treated with ipilimumab

Cryopreserved PBMCs were collected from patients treated with ipilimumab and analysed
by ELISpot. Images, in duplicate, show IFN-y production in response to CEF peptide fortwo
example patients, alongside quantification of SFU over the treatment period: Mel-Ipi-03(a)
and Mel-1pi-04(b)

Again, as expected, there was also considerableinter-patient variability in the responses to
viral peptides across patients receiving pembrolizumab therapy. There was no definitive
pattern across time points, with some patients demonstrating a decrease in response to CEF
(Figure 5.21a), an increase in response to CEF (Figure 5.21b) or no change during therapy

(Figure 5.21c).
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Figure 5.21 T cell responses to CEF viral peptide pool in patients treated with
pembrolizumab

Cryopreserved PBMCs were collected from patients treated with pembrolizumab and
analysed by ELISpot. Images, in duplicate, show IFN-y productionin responseto CEF peptide
for three example patients overthe treatment period: Mel-Pem-03 (a) and Mel-Pem-11(b)
and Mel-Pem-09(c).

5.2.5.2 T cell responses to TAAs in patients treated with checkpointinhibitors

MART-1 was used as a representative melanoma TAA to assess tumour-specific T cell
responsesin patients treated withimmune checkpointinhibitors. There was amuch less-
pronounced response to MART peptide compared to CEFin all three ipilimumab-treated

patients. In one patientthere was no appreciable Tcell response to MART at all (data not
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shown). Inthe remainingtwo patients, one had a response whichincreased during the course
of ipilimumab therapy (Figure 5.22a) and one had a higher baseline response which
diminished overthe investigational period (Figure 5.22b). Only one patient treated with
ipilimumab (Mel-Ipi-03) had evaluable responses to both CEF and MART peptides: no change
overtime to CEF butan increasedT cell response to MART during treatment (Figure 5.20a and

Figure 5.22a)

(a) MART-1 Peptide Response: Mel-1pi-03
Baseline 150
g 100
6 weeks 2
eq'\‘\% $®®$ éq'e‘
%’b © N’L
12 weeks
(b) MART-1 Peptide Response: Mel-1pi-07
Baseline v
2150'
2100
£
6 weeks £ so]
o o
ee’\(\% x“b@‘ \“@z*
" © g

Figure 5.22 T cell responses to MART-1 TAA in patients treated with ipilimumab

Cryopreserved PBMCs were collected from patients treated with ipilimumab and analysed

by ELISpot. Images, in duplicate, show IFN-y productionin responseto MART-1 peptide for
two example patients, alongside quantification of SFU overthe treatment period: Mel-Ipi-

03 (a) and Mel-Ipi-07 (b).
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As previously discussed, the adaptive T cell response of all patients receiving pembrolizumab
varied greatly across the whole patient group. Correlation with CEF peptideresponses also
varied across the patientgroup. There were generally agreater numberof Tcell responsesto

CEF peptide than to MART-1, as would be anticipated.

As observed with CRC patients on chemotherapy (section 4.2.5), there was some concordance
betweeninnateand adaptive immune assays within individual patients. Asan example,in
Mel-Pem patient 12, there was an apparentdecrease in NK cell activity overthe 12 weeks of
pembrolizumab therapy, as shown by a fall in both cytolyticactivity and NK cell degranulation
against K562 target cells (Figure 5.23aand b). Reflecting this, T cell responses against CEF
peptide also decreased (Figure 5.23c and d), as did CD69 expression on both CD4+ and CD8+ T
cells (Figure 5.23e and f). Taken together, these dataindicate that the entirety of a patient’s
immune system (innate and adaptive), may respond in asimilar way to disease and treatment

strategies.
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Figure 5.23 Comparison between adaptive T cell responses and innate responses during

treatment: Patient Mel-Pem-12

Cryopreserved PBMCs were collected from patient Mel-Pem-12 and analysed by ELISpot
and otherinnate immune assays overthe treatment period. IFN-y productioninresponse
to CEF peptide was aligned with innate responses in the same samples. Cytotoxicity of
PBMCs (determined by >!Crassay) against K562 cellsis shownin (a), CD107 expression
(determined by flow cytometry) against K562s is shownin (b). T cell responses to CEF
peptide (c) and numberof SFU (d) are also shown. Finally, CD69 expression is shown on
CD4+ T cells (e) and CD8+ T cells (f) as determined by flow cytometry.



5.2.6 Relationship between NLR and Immune Function in Patients Receiving

Checkpoint Inhibitors

Given our previous studies (Chapter4) we sought to investigate any potential relationship
between NLRandimmune functionin patients receivingimmunotherapy. Although there
were only a small number of patients within the pembrolizumab treatment group with ahigh
baseline NLR (n=4), afurthertwo patientsinthe ipilimumab group had a baseline NLR of
greaterthan 5. As shownin Figure 5.24, when both treatment groups were pooled for
analysis, there was anincrease in OSin the low NLR group (median OS not metin the low NLR
groupvs. 129 days inthe high NLR group, HR 0.257, 95 % Cl 0.05454 to 1.212). This supported
our findingsinthe CRCgroup, where OSwas also diminished inthose with abaseline NLR of
greaterthan 5 (Figure 4.3). There was no appreciable difference in other functional immune
assays between melanoma patients with a high or low NLR prior to treatment (data not

shown).
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Figure 5.24 Overall survival for melanoma patients prior to checkpointinhibitortherapy,
stratified by NLR

Patients receiving checkpointinhibitors were stratified according to NLR priorto treatment.
Survival was calculated as days from receiving the first dose of chemotherapy. All patients
were evaluableinthe survival analysis (n=19; 3 patients priortoipilimumab and 16
patients priorto pembrolizumab).

Althoughthere was asmallernumber of melanoma patients beingtreated with
immunotherapy, there are some signals of immune modulation within the group. This data
can serve as a useful comparison to the CRC cohort of patients receiving chemotherapy and

act as a discussion pointforfurtherinvestigation.
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5.3 Melanoma Discussion

Thiswork aimed to further define the immune response in patients receiving treatment with
checkpointinhibitors for metastatic melanoma. Although the use of immune check point
inhibitorsin melanoma hasincreased dramatically overthe last few years, alimited number of

studies have looked specifically atimmune responses to therapy in vivo.

Sequentialsamples were taken from patients receiving eitheripilimumab or pembrolizumab
every 6 weeks between baseline treatmentand 12 weeks. Analysis of these samples, using
our panel of validated immune assays, was able to provide insight into the differentimmune
responses to anti-cancertherapy when compared to patients receiving traditional cytotoxic
chemotherapy. Afterthe project was commenced, pembrolizumab was approved for first-line
use in patients with metastaticmelanoma. As aconsequence, treatment options changedin
favour of pembrolizumab, limitingthe number of patients in ouripilimumab group. This
meant we could only collect a full set of samples from three patients. Subsequently, the focus

shifted to collecting samples from patients being started on pembrolizumab.

Although fewer patients wererecruited to this study than CRC patientsinthe previous
chapter, they represented arange of patients with metastaticdisease, across arange of age
groups with differentinitial histology and site of origin (where this could be determined).
Although notsignificant, these datashow thatin this group of melanoma patients, araised
LDH at baseline conferred reduced survival: median OS was 222 days in patients with an LDH
overthe ULN. Median OS was not met in the patients with an LDH withinthe normal range
(Figure 5.3). LDH is associated with prognosis and disease progression in anumber of different
patient groups and forms part of the AJCCstaging criteria (476). As an enzyme involved in cell
metabolism it participatesin cell growth and tumour bulk. Supporting ourdata, ina group of
97 patients with metastaticmelanoma, those with elevated LDH levels had significantly
poorer OS compared to those who did not (5 months vs. 16 months, p<0.0001) (550). Similar
findings were showninalargercohort of 284 patientsreceiving treatmentas part of early
phase trials:inthis dataset, lower LDH also corresponded to prolonged OS(11.8 vs. 5.8
months, p=0.0001) (477). Furthersupporting these findings, in astudy of 71 stage IV
melanoma patients, LDHwas found to be a highly specific marker of progressive diseasein
patients receiving systemictherapy (including chemotherapy, immunotherapy and
radiotherapy) (551). The lack of statistical significance in our cohort likely reflects the smaller

patientnumbersinthe study. Interestingly, further studies into the prognosticability of LDH

195



have shown that even patients with a ‘high normal’ LDH can have pooreroutcomes than
those with a truly low LDH and that evenincreasesin LDH which still fall within the ‘normal’

range can affectsurvival.

In our patients, the activation status and potential to respond to immune stimuli was assessed
using various validated assays, each of which examined different aspects of the immune
system. Immunophenotyping was used to determine the expression of activation markers on
various cell types. Evaluation of CD69 (an early activation marker) overthe course of
pembrolizumab treatment, revealed aslight declinein expression between baseline and 6
week samples, which was significanton NK cellsand y&T (Figure 5.4). These changes could be
due to a multitude of factors: the extended period of time between the samples orthe
general natural day-to-day variability in the immune system, without the added complications
of tumourburden/treatment. Itis possible that any stimulatory effect on the immune system
may have been missedinthiswindow and if samples had beentaken atan earliertime point,
e.g. 24 or 48 hours post-treatment, we may have observed adifferent result. Unfortunately
this was not ethically possible as it would have required further patient visits out-with their
treatmentschedule. Reduced peripheral CD69+T cells may actually representanincreasein
trafficking of activated T cells out of the periphery, particularlyinlight of the observedrisein
levels of chemokines such as MIG and IP-10 (Figure 5.13). CD69 expression on monocytes
could not be determined due to the small population of cells present following overnight
resting of PBMCs priorto analysis. Peripheral bloodimmune cells from patients with
melanoma have been shown to have downregulation of IFN -stimulated genes when compared
to healthy controls (552). This corresponded with decreased expression of activation markers
such as CD69 and illustrated how changesin CD69 can reflecta suppressed immune response.
It is also supportive of ourdata, which demonstrated areductionin both CD69 and CD25
expression and decreasing levels of IFN-y over the investigational period (Figure 5.4,

Figure 5.10 and Figure 5.12, respectively).

In fresh PBMCs isolated from our patients being treated with pembrolizumab, there was
reduced expression of CD25on CD4 and CD8+ T cells between baseline and 6 weeks of
therapy (Figure 5.10). Diminished CD25 expression on T cellsis associated with ahigher
incidence of metastases (553) (although not statistically significant). Conversely, enhanced
peritumoural infiltration of CD25+ T cellsis associated with prolonged patient survival (553).
Althoughthe fallin CD25 in our samples was unexpected (given that treatment with

checkpointinhibitors should increase T cell activation and response), we were unable to take
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matched patient biopsies forthese peripheral blood samples. It may be, therefore, that
peripheral blood levels of CD250n T cells was diminished as this population was instead in the
TME. Interestingly, lowerlevels of CD250n CD4+ T cells have also been foundin a proportion

of patientstreated with ipilimumab (554).

The current study did not show a significant change inthe levels of Tregs overthe course of
therapy with eitheripilimumab or pembrolizumab (Figure 5.8). There is some conflicting
evidence to the effect of both anti-CTLA-4and anti-PD-1antibodies on levels of circulating
Tregs. In a study of 95 patients receivingipilimumab, astable or decreasing peripheral Treg
population atweek 12 was associated with disease control (CR, PR or SD) (555). This was also
significantly associated with prolonged survival compared to patientsin whom Tregs
increased duringthe course of treatment (15.8 months vs. 5.3 months, respectively, p=0.03)
(555). Similarly, in patients treated with the anti-PD-1antibodynivolumab, disease response
was associated with adecline in peripheral Tregs (556). Conversely, patients who did not
respondto therapy had a higher population of circulating Tregs at 12 weeks (556). Although
some studies have shown a reductionin peripheral Tregs overthe course of anti-CTLA-4
therapy (554,557), others have not (558,559), despite CTLA-4being constitutively expressed
on Tregs. While there is conflicting evidence as to whether anti-CTLA-4 therapy affects
circulating Tregs, the positive effect that checkpointinhibition has on the immune function of

T cellsisthe more pertinentincreating an effective anti-tumour response.

The data presentedin this chapteralsodemonstratesanincrease in CD62L expression on
Tregs in patients treated with pembrolizumab (Figure 5.8). Although no difference in CD62L
expression was seeninthe small group of ipilimumab patients, analysis of alarger cohort of
patientstreated with high dose ipilimumab and fotemustine showed enhanced CD62L
expression on CD3+ CD4+ memory T cells, likely representing homing of these cells to LNs
(560). The observedincrease we observed in CD62L+ Tregs (which may be more
immunosuppressive than CD62L"°" Tregs due to theirincreased ability to home to LNs and
suppress antigen-specific priming of T cells) may be part of a feedback mechanism reflecting

heightened immune responsesin these patients following pembrolizumab.

In contrastto otherstudies, we were unable to demonstrate any significant differencesinthe
expression of otherimmune activation markers such as HLA-DR, which has been shown to
increase in response totremelimumab (559) and PD-L1 blockade with atezolizumab (427).
Additionally, we did not observe changesin other cell surface markers, such as lower CCR7

expressionon peripheral CD4and CD8+ T cells followingipilimumab therapy that have been
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seeninlargerpatient cohorts (561). Fresh immunophenotyping on all samples may have
revealed these more subtle changesin expression of activation markers: changesin CD25
expression were detected in fresh PBMCsamples but notin cryopreserved samples

(Figure 5.10 and Appendix Table 8.9).

As expected, detection of PD-1onimmune cells was abrogated following treatment with
pembrolizumab. This was observed irrespective of whether PBMCs had been analysed freshor
had been cryopreserved priortoimmunophenotyping (Figure 5.5and Figure 5.11). Asimilar
trend for decreased CTLA-4 detection on CD4+, CD8+ T cellsand NK cells was seenin patients
treated with ipilimumab but once again, due to the small number of patients (n=3) and the
low levels of CTLA-4-positive cells (lessthan 5% of T cellsand lessthan 1 % of NK cells), these
findings were notsignificant (data notshown). During in vitro studies we were unabletofind a
FACS antibody with a clone that differed from those of the clinical antibodies, so the apparent
reductionin the expression of these surface molecules may be due to the inability of the flow
cytometry antibody to bind it’s epitope on the cell surface inthe presence of either
ipilimumab or pembrolizumab. The expression of CTLA-4and PD-1/PD-L1on cell subsets can
be enhancedin malignancy (representing an exhausted and ineffective anti-tumourresponse)
(200) and may be associated with changesin disease-related outcomes (201,562-564). As
such, expression of CTLA-4and PD-L1 on tumour cells (or tumour-infiltratingimmune cells)

correlates with greaterefficacy of PD-1/PD-L1blockade (321,427,565).

While there was no demonstrable relationship between PD-1expression on CD4+ T cells and
survival, alowerlevel of PD-1expression pre-treatment on both CD8+ T cells and B cells was
significantly associated with prolonged survival in our patient cohort (Figure 5.7). The reverse
was seeninTregs, where higher PD-1expression at baseline trended towards anincrease in
survival (although not statistically significant; Figure 5.7). Unfortunately, there was insufficient
data to perform an accurate assessment of treatment effect on changinglevels of PD-1
expression (calculation of OS stratified by fold change in PD-1expression). Without taking
treatment effectinto consideration, the prolonged survival in patients with lower PD-1
expression onimmune cells beforetreatmentis likely a consequence of exhausted immune
effectorcells inthe context of metastatic disease. Conversely, exhausted (PD-1+) Tregs
presumably exhibit alesser degree of immunosuppression. As such, the higherlevels of PD-1
expression that we detected at baseline, although associated with poorer survival
independent of therapy, conferincreased susce ptibility to PD-1blockade. Althoughin our

data we evaluated peripheralimmunecells, similar findings have been demonstrated in
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tumour biopsies of patients receiving anti-PD-1therapy for metastatic melanoma: patients
whorespondedtotherapy (CR, PRor SD) demonstrated significantly higher pre-treatment PD-

1 expression onintratumoural Tcells compared to non-responders (565).

Changesin cytokine and chemokine levelsin the plasma of our pembrolizumab-and
ipilimumab-treated patients showed some degree of concordance. Despite smaller patient
numbersintheipilimumab-treated group, there was a demonstrable increase inlevels of IL-3,
IL-18, MIG and SCF over the 12 week investigational period for both groups. This change was

significantinthe pembrolizumab-treated group (Figure 5.13 and Figure 5.15).

IL-18 is a cytokine secreted by immune cellsincluding APCs, Tcellsand NK cells. IL-18 works
with IL-12 to stimulate the production of IFN-y from T cells and NK cells and thus contributes
toa Tyl immune response (117). Itis possible, therefore, thatthe increase inIL-18seenin our
patientcohort may in some way reflect a negative feedback mechanismto the reduction
demonstratedin plasmalevels of IFN-y. Inthe absence of IL-12, however, production of IFN-y
would have been limited. The production of IFN-y inresponse to IL-12 and IL-18 is inhibited by
IL-4 in vivo (118). Theincrease inIL-18 and decrease in IL-4 seenin our patient cohort
therefore seems to contradict the fall in IFN-y that was also evident. Indeed, treatment with
checkpointinhibitorsis generally observed to elevate levels of IFN-y, representing up-
regulation of anti-tumourimmune responses (427,566,567). Additionally, an upregulation of
IFN-y production corresponds to anincrease in the expression ofimmune checkpoint
moleculessuch as PD-1/PD-L1and CTLA-4, which should further confer greater susceptibility
to antibody blockade (125).1L-18 alsoincreasesin response to anti-PD-L1 therapy with

atezolizumabin patients with cancersincluding melanoma (427).

As possibly anticipated with checkpointinhibition, levels of the T2 cytokines IL-4and IL-5
declined duringthe first 12 weeks of pembrolizumab therapy in our patient cohort. Ex vivo
evaluation of cytokine production by WBCfrom melanoma patients treated with anti-PD-1
antibody demonstrated arise in Ty1 cytokinesand areductionin T,2 cytokines (568).
Althoughthe changesin IFN-y, IL-4and IL-5 observedin our pembrolizumab patients were not
fully replicated in the cohort of patients receivingipilimumab, two of the three patients
evaluated seemedto follow the same trend (Figure 5.12 and Figure 5.14). One again, due to

the small number of patientsitis difficultto draw any definite conclusionsin this regard.

As also demonstrated in patients receiving chemotherapy for CRC, levels of both MIG and SCF

increased during both ipilimumab and pembrolizumab treatment (not significantin the
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ipilimumab group due to small number of patients) (Figure 5.13 and Figure 5.15). In addition,
elevated IP-10was evident following pembrolizumab treatment. As the production of both
MIG and IP-10 are induced by IFN-y, it again seems contradictory that both were, in fact,
enhanced inthe context of decreasinglevels of IFN-y. The window in which we may have
detected higherlevels of IFN-y could have been missed due to the timings of the sample
collection. LowerIFN-y levels, however, would fit with the finding of reduced NK cell activity
overtime as demonstrated by decreasing CD107 expression in pembrolizumab-treated

patients (Figure 5.16).

Treatment of melanoma cell lines with SCF induces amore immunogenic phenotype, with
reduced production of immunosuppressive cytokines IL-10and TGF-3 alongside enhanced
HLA-DR expression, which could potentially contribute to priming of an anti-tumour T cell
response against melanoma-associated antigens (569). In the context of our patient cohort,
therefore, the higherlevels of SCF detected could representanincrease inimmuneresponse

as a consequence of checkpointinhibition.

IP-10 and MIG are closely related and are chemokines for monocytes and T cells, attracting
immune cell populationsinto sites of infection and, potentially, into the TME (460). Aswell as
theirchemotacticproperties, both exhibitanumber of pro-immune functions that would
supportan enhanced anti-tumour responsein our cohort of patients treated with checkpoint
inhibitors. Through in vivo models of NSCLC, treatment with MIG has also been shown to
inhibittumour growth and metastasis through the inhibition of angiogenesis and tumour
vascularity (165). Supporting the role of MIG and IP-10in T cell recruitment, biopsies of
melanoma metastases confirmed higher expression of both chemokinesin samples with
enhanced T cell infiltration (461). In a variety of studies, levels of both MIG and IP-10 have
beenshowntoriseinresponse to checkpointinhibition:increasing levels of both MIGand IP -
10 were demonstrated in melanoma patients receiving nivolumab as part of a phase Il clinical
trial (570). Similarly, increased plasma levels of IP-10were seenin patients receiving both

anti-CTLA-4and anti-PD-1antibodies (571).

Our datashowsariseinlevels of IL-3, IL-16 and SCGF-B overthe first 12 weeks of
pembrolizumab therapy. IL-16is another cytokine which is not only secreted by immune cells
but acts as a chemoattractant for CD4+ cells, including T cells and APCs. As with the previously
discussed chemokines, IL-16also exerts anumber of immune functions that would be in
keeping with finding a greater level of this cytokine in the plasma of patients exposed to

immune checkpointinhibitors (Figure 5.13). Like SCF, IL-3is a haematopoieticcytokinewhich,
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in addition to GM-CSF, M-CSF and G-CSF, can differentiate stem cellsintoimmune cells
including lymphocytes, granulocytes and macrophages. Dataabout the role of IL-3 in patients
receiving checkpointinhibitionislimited butithas been usedinsome clinical trialsto try and
reduce the rate of cytopeniafollowing chemotherapy. Itis currently notusedinclinical
practice due to the poorerefficacy in phase lll trials compared to other treatments such as G-
CSF. In vitro, combination therapy with IL-3and IFN-3 can help to generate DCs which are able
to effectively prime Tcells against TAAs (572). These antigen-specific T cells were effective
againsttarget cells lines with similar efficacy to those primed by GM-CSF and IL-4 and the
increased levelsin our patient group suggests anotherfunction forIL-3in primingimmune

responses of patients on checkpointinhibitors (572).

In summary, elevated levels of immune-stimulatory cytokines such as IP-10, MIG and IL-18,
coupledwithareductionin the T2 cytokinesIL-4and IL-5 would be in keeping with an
augmented immuneresponsein patients receiving checkpointinhibitors and are indicative of

an immune inflammatory milieu.

NK cell function was limited against melanoma cell lines, thereby potentially masking any
changesinresponse totherapy (Figure 5.17, Figure 5.18 and Figure 5.19). However, CD107
expression against K562 cells (anatural NK cell target) was seento diminish overtimein
patients receiving pembrolizumab (Figure 5.16). Although the ipilimumab patient group was
too smalltoreach statistical significance, asimilartrend was also apparent. This may have
beendue, inpart, to the low expression of PD-1on NKcells (<5 % in patients treated with
pembrolizumab, data not shown) (Figure 5.18). If both PD-1 and CTLA-4 were expressed on NK
cells, checkpointinhibition should increase their cytotoxic potential. Elevated expression of
both CTLA-4 and PD-1 on NK cellshas been shownin patients with cancerandis associated
with functionally inhibited cells (25,26,30). It should also be noted that CTLA-4 and PD-1 are
not the onlyinhibitory receptors: expression of KIRs and other checkpointinhibitors such as
TIM-3 can be upregulated on the surface of NK cells from patients with melanoma (25).
Decreasing functionalityin our patient cohort could be due to upregulation of these and other
inhibitory receptorsinresponseto therapy. Furtherinvestigations into these markers (TIM-3,
LAG-3 and NK cell receptors) may reveal additional information about NK cell functionin

melanomaduring checkpoint therapy.

In additiontoinvestigatingthe innateimmuneresponse to checkpointinhibition, the adaptive
T cell response was also examined using ELISpot assays. The patientsincluded in this study

demonstrated variable T cell responses to either CEF viral peptide pool or MART-1 peptide,
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although other groups have shown evidence of MART+ CTLs in the peripheral blood of
melanoma patients (575). Due to this variability, there was notenough data here to
accurately gauge the effects of either pembrolizumab oripilimumab on T cell response to
antigen, asdemonstrated by IFN-y production. Outside this cohort, anincrease in MART-
specificTcells has been shown to correspond to disease response in a phase | study of
patients receiving nivolumab (with or without a peptide vaccine) following ipilimumab therapy

ina phase | trial (556).

As seeninthe group of patients receiving chemotherapy for CRC, a number of patient T cell
responsesin ELISpot assays reflected results seenin otherimmuneassays. In patient12 in
particular (pembrolizumab group), areduced T cell response to CEF peptide was echoedin
both decreased CD69+ activated T cellsand in innate immune function of NK cells

(Figure 5.23). As previously discussed, given the complicated but tightly interwoven nature of
bothinnate and adaptive immuneresponses, thisis perhaps unsurprising. Larger cohorts
would be neededto evaluate whetherthese responses meaningfully correlated to disease

outcome or survival.

Although we attempted to match peripheral blood with biopsy samples in ourstudy, this
proved prohibitive in the recruitment of patients. Matched tumour and peripheral samplesin
otherdata sets have revealed that PD-1expression on peripheral T cells can be significantly
raised when compared to those within the TME (200,571). Moreover, treatment with
nivolumab can successfully abrogate PD-1expression on peripheral Tcells, whilea higher
proportion of TILs will continue to express PD-1and not be saturated by binding of
therapeuticantibody (571). Interestingly, asimilar phenomenon has been noted inregard to
antigen-specificTcellsin peripheral blood vs. tumour (200) and may explain the low levels of
T cell responses to the MART antigen that was demonstratedin our patients. Inkeeping with
the observation that TILs express higherlevels of PD-1than peripheral blood lymphocytes,
MART antigen-specific TILs from patients with melanoma also demonstrate diminished
effectorfunctionand lowerlevels of IFN-y productionin responsetoimmune stimulation
(200). It may be, therefore, thatthe small number of patients who had circulating peripheral
MART-specificT cellsin this study (Figure 5.22) had functional cells, as demonstrated by the
production of IFN-y in ELISpot assays. The majority, however, did not have circulating
peripheral antigen-specific cells but may have had exhausted T cells within the tumour, orbe

primed against different melanoma-associated antigens (otherthan MART-1).
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Finally, asalsoseeninthe cohort of patients receiving chemotherapy for colon cancer, there
was a significantly shortened OSin melanoma patients who had a high NLR priorto treatment
(Figure 5.24). Unfortunately, once again, due to the smaller number of melanoma patients
and the availability of PBMCs forimmune assays, it was not possible to draw any meaningful
conclusionsregarding NK cell function or cytokine production at baseline stratified by NLR.
Furtherassessment of otherimmune parameters according to baseline NLR did not show any
appreciable difference. This remained the case if the NLR threshold was movedto NLR > 4 or >
3 and no correlation was seen between baseline immune function and NLR even with the se
parameters (datanotshown). NLR has been shownina number of other datasets to correlate
with prognosis and survival in patients with melanoma (576,577). In cohorts of patients
receivingipilimumab, an NLR of less than 5 (asin our data) was associated withimproved OS
and PFS (576). As with the data from our patients with CRC, there are variationsin whatis
deemedto be the cut-off value for NLR: a larger study of 720 patients receivingipilimumab for
metastatic melanomadeemed the optimal NLR to be less than 3 (although this was a derived
rather than absolute NLR) (392). Once again, there was shown to be a significantly prolonged

OS and PFSin patients witha dNLR of <3 (392).

In summary, overall, thesedataillustrate some of the changesinimmune response that are
observedin patients receiving treatment with checkpointinhibitors. Although some of the
findings are underpowered due to the small number of patients assessed, it can offera unique
insightinto the parameters by which anti-tumourimmune responses can be exploited and
enhanced by treatment with eitheripilimumab or pembrolizumab, as well as servingas an

interesting comparison to patients receiving chemotherapy for CRC.
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Chapter 6 Conclusion

Overall, these data have demonstrated thatitis possible to evaluatethe peripheral blood
immune response to anti-cancertherapy inarobust and reproducible manner. We have
successfully developed a panel ofimmune assays that can be performed on the peripheral
blood of patients, detecting differences in the responses to cytotoxicchemotherapy and
immunotherapy. As the assays have been optimised to allow for batched analyses, following
cryopreservation of PBMCs, they are amenable to being used in groups of patients undergoing
a variety of systemictherapies, forarange of different cancers. Despite the recognition that
the magnitude of some responses may be slightly diminished in cryopreserved cells, their
reactionto immune stimuli appearto be comparable across time points and within patient
samples. This allows the identification of trends inimmune function, while being able to
ensure the high quality, reproducibility of the results, which have been batch-analysed under
identical conditions to maintain quality control. While other groups have shown the ability to
analyse varying aspects of the immune systemin patients, this assay panelisnovelin being
able to examine multiple aspects of the immune system and how it changes overtime within
a patient population. Although immuneresponses are widely variable across individual
patients, we have shown that this assay panel could readily be incorporated into clinical trials
inorder to evaluate responses to treatment. Inan erawhenthe use ofimmunotherapy is
rapidly expanding, being able toimprove ourunderstanding ofimmuneresponsesto
immunotherapy, chemotherapy, radiotherapy, targeted therapy and viral therapy, would

allow us to exploitthis when developing new anti-cancertreatment strategies.

In patients with CRC, we have shown that NLR > 5 before chemotherapyis associated with an
attenuatedimmune response, when compared to patients with NLR< 5, supporting our
original hypothesis. High peripheral blood NLR beforetreatment was associated with a
cytokine profilethat differed from patients with alow baseline NLR: amongst others, higher
levels of the immunosuppressive cytokines IL-10and TGF- were observed. Similarly, there
was a suggestion of differences between innateimmune responses, as determined by CD107
expression and >1Cr cytotoxicity assays, in patients with a higher pre-treatment NLR. In
support of these data, increased OS was seenin patients withamore robustimmune

response, i.e.low baseline NLR.

Wheninterrogating the adaptive immune response toviral antigens and TAAs, itappeared

that a greater proportion of patients with a high baseline NLR had responses to CEF viral
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peptides (asageneral recall response). Over the first 6 weeks of chemotherapy, peripheral
bloodimmune responses wereseento activate asthe NLR fell to< 5. Alongsidethis, adecline

in TGF-B secretion was seen, aswell as a fallin peripheral Tregs.

There were also ongoing differences between the patients with ahighanda low pre-
treatment NLR that would warrant further study and may explain the persisting difference
betweenthe groups even after chemotherapy. Levels of IL-10, forexample, did not alter
duringtreatment and remained elevatedin the patients who had ahigh NLR at baseline,
irrespectiveof afallin NLR over the first 6 weeks of therapy. Once again, differences
remained between the two groups, inthat more patients with alow NLR overthe first 6

weeks of chemotherapy demonstrated greater T cell responses against TAAs.

While NLR has been shown to correlate with outcome in CRC, the rationale behind this
relationshipis not understood. The current datamay, therefore, go some way into
understandingthis, by demonstrating adiminished immune response. Although, to some
extent, this appearstoreverse with chemotherapy, differences between the groups remain
(highvs. low baseline NLR) evenif NLRfalls. This also appears to correlate with otherdata
suggestingthat even normalisation of NLR does notimprove OS to the same extentas

patientswithalow NLR at the outset.

Immunotherapy has only been shown to be effectivein asmall proportion of CRC patients;
that is, patients with dMMR tumours. The data presented here could therefore prompt
furtherstudyintothe potential role forimmunotherapy afteraninitial period of
chemotherapy. Although this would appearto be a valid area of furtherstudy inall patients,
as those with a high baseline NLR continue to have poorer outcomesin terms of OS,
effectiveness of sequential therapy in this sub-group of patients would be of particular

interest.

Our study also evaluated the immuneresponseto checkpointinhibitors in patients with
melanoma. Firstly, the data confirmed that treatment with ipilimumab or pembrolizumab
blocked the expression of CTLA-4and PD-1, respectively. Although the melanoma patient
group was smallerthan the CRC patient group, similartrends were noted. Inthe
pembrolizumab-treated patients, afall in CD69 and CD25 expression was evident on some
populations of circulatingimmune cells. These differences were enhanced when PBMCs
where immunophenotyped before cryopreservation. More obviously, the cytokine profilein

patient plasmarevealed anapparentfallin IFN-y, IL-4and IL-5. While the decreasein|L-4and
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IL-5 might be expected in the context of immune stimulation by checkpointinhibitors, the
concurrentdeclinein levels of IFN-y seem discordant. In contrast to IFN-y, plasmalevels of
other pro-immune cytokines, including IL-3, IL-16, IL-18, IP-10 and MIG increased overthe
course of treatment. Once again, this supports the theory of an elevated anti-tumourimmune
response over the course ofimmunotherapy in patients with melanoma. Although these
findings were significantin the patients receiving pembrolizumab, asimilartrend was seenin

the small group of patientsreceivingipilimumab.

There are comparisons to be made between the CRC group treated with chemotherapy and
the melanoma patient cohorttreated withimmune checkpointinhibitors. Due the different
number of patientsin each group, variable baseline characteristics, as well as different
underlying pathology, these are limited to observations that could be taken forward for
furtherstudy. In contrast to the CRC patient cohort, changesininnate immune responses,
mediated by NK cells, were not demonstratedin the melanoma patient cohort. This may be
explained by the finding thatlessthan 5 % of the population of NK cells expressed PD-1at
baseline and, hence, the effect of anti-PD-1antibodies on NK cell responses may be limited.
Future work could therefore also include analysis of the activating and inhibitory receptors on
NK cells which would furtherinformtheirfunction during anti-cancer treatment. There are
inherent differences between the immune responses evidenced in the groups of patients with
CRC and those with melanoma. One explanation of this may be the reason why
immunotherapy is generally less effective in patients with CRC (except forthe small cohort
withdMMR). That is, due to differencesin mutationalload/neoantigens, the anti-tumour
immune response of patients with melanoma may be already ‘primed’ to some extent. In
contrast, our data may suggest that chemotherapy can prime an immune responsein patients
with CRC. This is supported by the finding that PD-1increases over the course of treatmenton
some immune cell populationsin patients with CRC. Changesin expression of PD-1(or CTLA-4)
overtimeinthe melanoma cohort, however, was unable to be determined due to blockade of
the receptor by pembrolizumab (oripilimumab), respectively. Future studies would,
therefore, include a broaderspectrum of immune checkpoints, such as TIM-3, LAG-3 and
BTLA-4inorderto be able to determineafuller picture ofimmune activation in patients out-

with the effect of anti-CTLA-4and anti-PD-1.

In many of our immune assays, very little change was observedin responseto therapy and
thisis probably due to the timing of samples taken. As these studies used a ‘window of

opportunity’, blood samples were taken at scheduled patient visits and any extra were
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ethically prohibited. Forthis reason, data may not have been captured if the window of
response was missed. Hence,in future studies we would aimto notonly expand the number
of patientsinordertoget a meaningful dataset butalso change the timings of the samplesto
fullyinterrogate the response. In addition, the local ethics consent which allowed us to collect
patientsamples did notallow us to collect samples from healthy controls for comparison. For
validation assays, asmall numberof HD blood was used but we were unable toincrease these
numberstoa level whereby an accurate comparison with an aged-matched patient

population would be possible.

While these data utilised the simplicity of peripheral blood collection to evaluate immune
responses to anti-cancertherapy, foramore complete picture, comparison with the immune
milieuin patienttumours could be enlightening. From this, we would be able to determine
whetherthe peripheral blood immunome is truly asurrogate forthat in the tumour or just
part of the picture. Tumourtissue samples are of course harderto access, especially overthe
course of treatment, although in melanoma patients we initially investigated the practicalities

of paired fresh tissue biopsies from skin metastases.

Similarly, we have been unableto fully interrogate the neutrophil populationin either CRCor
melanoma patients, due to the difficulties in working reliably with these cells. Towards the
end of this project, early work into the investigation of neutrophil ectosomes was started
which could be continued further. The hypothesis being that, as a high neutrophil count
contributestoa high NLR, isolation of neutrophilectosomes in patient plasma may reveal, as
otherdata has suggested, the production of immunosuppressive cytokines such asIL-10 and
TGF-B. This may go some way to explaining our findings in patients with a high NLRand also

the contribution of high peripheral blood neutrophils to apoorer prognosisand OS in cancer.

Finally, in summary, these datashow that we have met our initial objective of optimising and
validating a panel of assays to interrogate immuneresponsesin peripheral blood forusein
batch analysis scenarios. In patients with CRCbeing treated with chemotherapy, these
preliminary datasuggestarole forchemotherapyin priminganimmune response, particularly
in patients with a high baseline NLR, which could potentially be exploited with the sequential
use of immunotherapy. Thisis of particularinterest given that until now these patientsin
general have notbeen shownto benefit fromimmunotherapy and thus has the potential to
be practice changing. Goingforward into clinical trials, this datawould support the use of
immune checkpointinhibitors afteraninitial period of chemotherapy. Patients with stable

disease after 12 weeks of chemotherapy (again stratified by baseline NLR) could, forexample,
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go ontoreceive animmune checkpointinhibitor. This would allow for further collection of
clinical samples, potentially with the addition of tumour biopsies for paired analysis. It would
also be usedto evaluate the benefit ofimmunotherapy after chemotherapy. Similarly, given
that we saw some changesinimmune function at 6 weeks, we could also look forearly

markers of disease progressioninalargergroup of patients.

In patients with melanoma beingtreated with checkpointinhibitors, we have been able to
reveal immune signatures, which may be used as initial datato investigate potential novel
biomarkersin such patients. More particularly, these data may be more relevantin
investigating biomarkers fortoxicityand could have a role to play in patient selection and

management of immune-mediated side effectsinthe future.

This work has expanded on our understanding ofimmune responses to anti-cancer therapy. It
has revealed new opportunities and generated hypotheses for furtherinvestigationintothe
role of the immune systemin cancerand anti-cancertherapy and may ultimately lead to

better patienttreatmentand improved survival outcomes.
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Chapter 8 Appendix

Table 8.1 p valuesfor fresh and cryopreserved PBMCs either untreated or stimulated with
1pfu/cell reovirus at stated effector:targetratios (Figure 3.5).

Fresh PBMCs Cryopreserved PBMCs
‘ E:T Ratio ‘ K562 ‘ SW620 ‘ Mel888 ‘ K562 SW620 Mel888
100:1 0.0282 0.0204 0.0048 0.305 0.0146 0.0176
50:1 0.0108 0.0063 0.0024 0.0091 0.0157 0.0047
25:1 0.0325 0.0125 0.002 0.0234 0.0182 0.0064
12.5:1 0.0289 0.0138 0.0009 0.0102 0.0176 0.0041
6.25:1 0.0399 0.0129 0.0002 0.0109 0.0048 0.0041
3.12:1 n/s 0.0043 0.0029 0.0130 0.0219 0.0051
1.56:1 n/s 0.0377 0.0016 0.0131 0.0025 n/s
0.78:1 n/s n/s 0.0051 n/s 0.0377 0.0377

Table 8.2 p values for % CD69 expression onimmune cell populations from ‘same-day’ and
‘rested’ PBMCs following treatment = 1pfu/cell reovirus (Figure 3.10).

‘ Population ‘Same-day’ PBMCs ‘Rested’ PBMCs
CD4+ T cells 0.0019 0.0005
CD8+ T cells 0.0018 0.0032

NK cells 0.0001 0.0045

NK cells (dim) <0.0001 0.0054

NK cells (bright) 0.005 0.0081

NKT cells 0.0028 0.0007

y&T cells 0.0008 0.0012
Monocytes 0.0054 n/s

B cells 0.001 0.043
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Table 8.3 Sample collection in patients with CRC on chemotherapy

All patient sample sets collected were complete, with the exception of the following (patients
from NLR-23 onwards only had baseline and 6week samples collected):

‘ Patient Baseline Sample 6 week Sample ‘ 12 week Sample

NLR-4 v x x
NLR-6 v x x
NLR-9 v X %
NLR-14 x x X
NLR-17 v v x
NLR-29 v x

Table 8.4 Activation markers on immune cell populations of CRC patients which did not
differbetween those with a high or low NLR at baseline

Activation Cell Population
Marker
CD69 CD4+ T cells, CD8+ T cells, NK cells, NKT cells, monocytes, Bcells

PD-1/PD-L1 CD4+ T cells, CD8+ T cells, NK cells, NKT cells, monocytes, B cells, Tregs

HLA-DR Monocytes, B cells

CCR7 CD4+ T cells, CD8+ T cells, NK cells, NKT cells

Table 8.5 Activation markers on immune cell populations of CRC patients which did not
change over the first 6 weeks of chemotherapy

Activation Cell Population

Marker

CD69 CD4+ T cells, CD8+ T cells, NK cells, NKT cells, monocytes, B cells

PD-1 CD4+ T cells, CD8+ T cells, NKT cells, Tregs

PD-L1 CD4+ T cells, CD8+ T cells, NK cells, NKT cells, monocytes, B cells, Tregs
HLA-DR Monocytes, B cells

CCR7 CD4+ T cells, CD8+ T cells, NK cells, NKT cells

CD62L Tregs
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Table 8.6 Cytokines/chemokines not detected by Luminexin CRC patient plasma

Cytokines/chemokines not detected/below standard curve

IL-2 IL-1Ra IL-12p40 IL-15 MCP-1 TNF-a
IL-1a IL-5 IL-12p70 GM-CSF M-CSF TNF-B
IL-1B IL-6 IL-13 LIF B-NGF VEGF

Table 8.7 Sample Collectionin patients treated with ipilimumab

All patientsample sets collected were complete, with the exception of the following:

‘ Patient Baseline Sample 6 week Sample ‘ 12 week Sample
Mellpi-01 v x x
Mellpi-02 v x x
Mellpi-05 v v x
Mellpi-06 v x x

Table 8.8 Sample Collection in patients treated with pembrolizumab

All patientsample sets collected were complete, with the exception of the following:

‘ Patient

Baseline Sample

6 week Sample

‘ 12 week Sample

MelPem-02 v v x
MelPem-05 v x x
MelPem-06 v v x
MelPem-07 v x x
MelPem-08 4 x v
MelPem-10 v v x
MelPem-17 v v x

253




Table 8.9 Activation markers on cryopreserved immune cell populations of patients treated
with pembrolizumab which are unchanged overtime

Activation

Cell Population

Marker

CD4+ T cells, CD8+ T cells, NKT cells, monocytes, B cells

PD-1 NK cells, NKT cells, monocytes, Bcells

PD-L1 CDA4+ T cells, CD8+ T cells, NK cells, NKT cells, yoT cells, monocytes, Tregs
CD25 CD4+ T cells, CD8+ T cells

CTLA-4

HLA-DR Monocytes, B cells

CD11c

CD86

CCR7 CD4+ T cells, CD8+ T cells, NK cells, NKT cells, y&T cells

CD16 NKcells, NKT cells, y&T cells

Table 8.10 Cytokines/chemokines not detected by Luminex in patients receiving
pembrolizumab

‘ Cytokines/chemokines not detected/below standard curve

IL-1a IL-10 GM-CSF
IL-2 IL-12p40 M-CSF
IL-6 IL-15 TNF-B

Table 8.11 Cytokines/chemokines with no change over time in patients receiving
pembrolizumab

Cytokines/chemokines with no significant change over treatment period

IFN-02 IL-9 CTACK MCP-1 RANTES
IL-18 IL-12p70 Eotaxin MCP-3 SDF-1a

IL-1Ra IL-13 G-CSF MIF TNF-a

IL-2Ra IL-17a GRO-a MIP-1a TRAIL
IL-7 B-NGF HGF MIP-1B VEGF
IL-8 Basic FGF LIF PDGF-BB
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Table 8.12 Cytokines/chemokines notdetected by Luminex in patients receivingipilimumab

‘ Cytokines/chemokines not detected/below standard curve

IL-1ot IL-10 IL-15 MCP-1
IL-2 IL-12p40 B-NGF M-CSF
IL-6 IL-12p70 GM-CSF TNF-B
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