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Abstract

Checkpoint blockade has achieved long-lasting anti-tumour responses,
unfortunately this is limited to a fraction of patients, highlighting the need for more

effective therapies.

This thesis focuses on the rational proposal and design of new cancer
immunotherapies through: (1) proposing a novel immunomodulatory-target for
cancer-immunotherapy, Inducible T-cell co-stimulator (ICOS), and studying its efficacy
in murine models of cancer; and (2) the description of the immune tumour-
microenvironment (TME) of mouse models of lung cancer, to propose strategies that

promote increased immunogenicity and tumour rejection.

In models of melanoma, the absence of ICOS/ICOSL pathway in ICOS”" mice,
impaired the efficacy of anti-CTLA-4 (Cytotoxic T-lymphocyte antigen-4) therapy.
Additionally, patients that received ipilimumab (anti-CTLA-4) monoclonal antibody

(mADb) had an increase in the frequency of ICOS* T-cells.

We hypothesised that an agonistic non-depleting anti-ICOS mAb will promote
the function of activated T-cells in the TME. Here we show that an agonistic anti-ICOS
mAb, with either mlgG1 (non-depleting) or migG2a (depleting) isotype, does not
promote survival, either as a monotherapy or in combination with other antibody
therapies. We also showed that both anti-ICOS isotypes eliminated T-cells in the TME
and that anti-ICOS mlgG1 T-cell elimination was Fc-engagement independent. These
results were replicated using mice expressing human Fcy receptors (FcyRs) and anti-
ICOS mAb with human (h)IgGs, demonstrating that anti-cancer therapy with anti-ICOS

mAbs should be carefully evaluated before use in clinical trials.

To design and test new combination therapies, we described the immune-TME
of mouse models of lung cancer. Currently, lung cancer has the highest mortality
among cancers, with immunotherapy-benefit limited to some patients. Here we
described the TME of two mouse models of lung cancer: KPB6.F1 and CMT-167. We
did not find significant differences in the TME of the KPB6.F1 model after radiotherapy

and chemotherapy. To promote immunogenicity, combination therapy with anti-



CD25 mAb and anti-4-1BB mAb was evaluated in both the KPB6.F1 and CMT-167
models. Anti-4-1BB promoted proliferation, granzyme B production and expression of
activation markers on effector CD4* and CD8* T-cells. Whilst this combination reduced
the tumour-burden of the CMT-167 model, no differences were observed in the
KPB6.F1 model, suggesting intrinsic differences between them. Further work
describing the differential response of both models to specific therapies could provide
important information regarding resistant tumours in patients, together with

strategies to overcome those resistances.

The work presented in this thesis describes variations in the immune-TME
following different therapies, suggesting that further investigation is crucial for
understanding the biology of the mechanism of action of cancer immunotherapies

and to improve their efficacy.



Impact statement

An understanding of the role played by inhibitory immune checkpoints in the
survival of cancer cells, has allowed the development of novel immunotherapies that
can achieve significant and durable clinical responses. However, only a fraction of
patients benefits from a long-lasting response by immunological memory, highlighting

the need to develop new and more effective therapies.

Currently, three clinical trials are in development, testing three different anti-
ICOS mAbs for anti-cancer therapy. Anti-ICOS (clone 37A10) mAb is a cross-reactive
mouse and human antibody developed by Jounce Therapeutics. Jounce is currently
developing a phase | clinical trial combining JTX-2011, an agonistic anti-ICOS mAb with
depleting activity, with nivolumab (anti-PD-1 mAb), pembrolizumab (anti-PD-1 mAb)
or ipilimumab (anti-CTLA-4 mAb). The preliminary results of their clinical trial
indicated low efficacy of JTX-2011 mAb as monotherapy and in combination with

nivolumab.

In this thesis we demonstrated that, in contradiction to Jounce’s pre-clinical
data, anti-ICOS 37A10 mAb therapy failed in improving survival in mouse models of
cancer, regardless the function of the isotype chosen for the therapy. We also
demonstrated that anti-ICOS 37A10 mAb therapy promoted the elimination of
activated ICOS" effector T-cells in the tumour, independently of Fc-engagement to Fey
receptors (FcyR), which has not been described previously for antibodies targeting co-
stimulatory molecules of the immunoglobulin superfamily. We corroborated this
detrimental effect using the anti-ICOS 37A10 mAb with human IgG isotypes in mice
expressing human FcyR. The anti-ICOS 37A10-mediated T-cell elimination described in
this project clearly indicates that precautions should be taken in targeting ICOS as an

anti-tumour immunotherapy.

We showed a mechanism that explains the ineffective anti-tumour response
driven by JTX-2011, suggesting that this trial should be re-evaluated in order to protect
patients. This unexpected mechanism of anti-ICOS mAb raises concerns in the way
antibodies are tested in pre-clinical models. We hope that for the benefit of cancer

patients, these results can provide more tools and considerations in the way
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immunotherapeutic antibodies are pre-clinically tested. Further work needs to be
done to dissect the underlying mechanism in anti-ICOS 37A10-mediated T-cell

elimination.

By using mouse models, we also described and tested potential combination
immunotherapies for the treatment of lung cancer. Currently, lung cancer has the
highest mortality among cancers. It is responsible of 1.71 million deaths in 2016 alone,
with a predicted increase driven by a rise of smoking habits in developing countries.
Therefore, more therapies are urgently needed. We proposed and tested anti-41BB
mAb combined with anti-CD25 mAb as a rationally designed therapy for lung cancer
treatment of patients with a PD-1* CD8" infiltrating T-cells. We think the mouse
models generated in this project will help to better understand the mechanisms
defining the success (or failure) of different therapies in lung cancer, to rationally
develop combination therapies that promote tumour control in cancer patients. The
models developed and described in this project will also provide meaningful
information about the biology of the interaction between the immune system and
malignant cells in lung cancer, which could lead to improvements in currently tested

therapies.
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MSI-H: Microsatellite instability-high
NK: Natural Killer cell
NKT: Natural Killer T-cell

NOD (mice): Non-obese diabetic (mice)

NSCLC: Non-small cell lung cancer

OVA: Ovalbumin

0s: Overall survival

OX-40L: OX-40 ligand

PBMC: Peripheral blood mononuclear cell
PD-1: Programmed death-1

PD-L1: Programmed death-ligand 1
PD-L2: Programmed death-ligand 2

PFS: Progression free survival

TAM: Tumour-associated macrophages
Tcl: Type 1 T cytotoxic

TCR: T-cell receptor

Teff: Effector T-cell

TGFa: Transforming growth factor-a
TGFp: Transforming growth factor-p
Thi: Type 1T helper

Th2: Type 2 T helper

Th17: Type 17 T helper

TIGIT: T cell Immunoglobulin and ITIM (immunoreceptor tyrosine-based

inhibitory motif) domain

TIL: Tumour infiltrating lymphocyte

TIM-3: T-cell Immunoglobulin- and mucin-domain-containing 3
TME: Tumour microenvironment

TNFa: Tumour necrosis factor a
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TNFR:
TNFRSF:
Treg:

WT:

Tumour necrosis factor receptor
Tumour necrosis factor receptor superfamily
Regulatory T-cell

Wild-type
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1 Introduction

1.1 Lung cancer

Lung cancer has the highest mortality of all cancers worldwide, responsible for
1.71 million deaths in 2016 alone (Figure 1.1) (Ritchie, 2018). In the United Kingdom
(UK), lung cancer is the third most common cancer accounting for 35,620 deaths in
2016, equivalent to 21% of all cancer-related deaths that year. Statistics from Cancer
Research UK (CRUK) also indicate that around 46,700 new cases are diagnosed every

year (Cancer Research UK, 2018a).

Cancer deaths by type, World, 2016

Total annual number of deaths from cancers across all ages and both sexes, broken down by cancer type.
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Non-melanoma skin cancer 53,059
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Hodgkin lymphoma = 28,742
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Source: IHME, Global Burden of Disease (GBD) CC BY-SA

Figure 1.1 Number of cancer-associated deaths worldwide in 2016.

Credit: Hannah Ritchie (2018) - "How many people in the world die from cancer".
Published
https://ourworldindata.org/how-many-people-in-the-world-die-from-cancer. Image

online at OurWorldInData.org. Retrieved from:

reproduced with permission of the rights holder, Our World in Data.
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Comparable to the UK, reports from the United States (US) estimate that lung
cancer accounted for 26% of all cancer-related mortalities in 2017, with 155,870
deaths (Siegel et al., 2017). The same report estimated that lung cancer was also the

second most common cancer diagnosed in the US population (Siegel et al., 2017).

Northern America, Europe and Eastern Asia have the highest incidence of lung
cancer currently. These trends mainly reflect the peak of tobacco consumption in the
last century (Torre et al., 2015). In western countries, including the UK and US, this
peak was around the 1950’s and has gradually decreased with time. Consequently, a
decline in lung cancer rates and mortality has been observed and is expected to
continue (Malvezzi et al., 2015; Molina et al., 2008). On the other hand, in countries
where tobacco consumption is currently peaking or increasing, like China, Indonesia
and some parts of Africa, there is a rise in lung cancer incidence and deaths in their
populations. It was estimated that in 2015 in China the cancer with the highest
incidence and mortality was lung cancer, with 733,300 new diagnosis and 610,200
deaths (Chen et al., 2016). The high lung cancer rates in these regions continue to
drive a global trend of increasing mortality and incidence worldwide, despite an

improvement in anti-cancer therapies (Malvezzi et al., 2015; Torre et al., 2015).

Lung cancer continues to carry a high mortality despite improvements in its
treatment, which have yet to make substantial clinical difference on a population
scale. In the UK, lung cancer 10-year survival has had an slight improvement from 3%
to 5% during the last 40 years (Cancer Research UK, 2018a). Currently, 5-year survival
rate for lung cancer patients is 10% in the UK, varying between genders with an 8%
for men and 10% for women. In Europe, the 5-year survival is 12% for men and 16%
for women, whilst in the US the average 5-year survival is 18% (Cancer Research UK,

2018a; Siegel et al., 2017).

Overall, the high incidence and mortality of lung cancer, together with its poor-
prognosis and reduced long-term survival make it necessary to develop new and more

effective therapies that will finally improve the survival chances of patients.
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1.1.1 NSCLC TNM staging

Lung cancer can be separated in two main categories according to its
histopathological subtype: small cell lung cancer (SCLC) and non-small cell lung cancer
(NSCLC). SCLC accounts for approximately 15% of all lung cancers, whilst the remaining
85% is classified as NSCLC. NSCLC can be further classified as adenocarcinoma (40%),
squamous cell carcinoma (30%) and large cell carcinoma (15%) (Bender, 2014; Xia et
al., 2017). In general, NSCLC has a better 5-year survival (21%) compared to SCLC (6%)

(Bender, 2014), further effected by the disease stage at diagnosis.

The most common staging system used for lung cancer is the tumour, nodules
and metastasis (TNM) classification, which has recently been reviewed by the
International Association of Study of Lung Cancer (IASLC) in its 8t edition. Its goal is to
describe the anatomical extent of a tumour, based on the extent of the primary
tumour (T), the involvement of lymph nodes (N) and presence of distal metastases (M)
(Detterbeck et al., 2017). NSCLC is therefore divided in stages | through 1V, according
to its extent of spread measured by T, N and M. The different stages are summarised

in tables 1.1 and 1.2.

The standard of care for NSCLC patients varies depending on the histological
subtype and stage of the disease. The main treatment for patients with stage |, Il and
[l disease is surgery, which may involve removal of a part of the lung (lobectomy) or
the whole lung (pneumonectomy). Patients are also offered adjuvant chemotherapy
and/or radiotherapy to reduce the chance of recurrence after surgery. If surgery is not
possible, radiotherapy and systemic anti-cancer therapies are the mainstay of
treatment. For patients with stage IV disease, with the cancer spread to the other lung
or metastasis in other parts of the body, the cancer is currently considered incurable
and the treatment focus is in improving longevity but importantly controlling
symptoms. For stage IV patients, the standard of care consists of systemic anti-cancer
therapies including chemotherapy, immunotherapy or targeted agents depending on
the histological and molecular characteristics of the cancer. Furthermore,
radiotherapy may play a role in particular circumstances, especially for the control of
specific symptoms, in addition to standard best supportive care measures (Cancer

Research UK, 2018a; Mozayen et al., 2016; Mountain, 1997).
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Table 1.1. Definition of TNM descriptors by the 8" edition cancer stage classification
of the IASLC.

Modified from (Detterbeck, 2018). Image reproduced with permission of the rights
holder, Elsevier.

T (primary tumor)

TO No primary tumor
Tis Carcinoma in situ (squamous or adenocarcinoma)
Tl Tumor <3 cm
Tlmi Minimally invasive adenocarcinoma
Tla Superficial spreading tumor in central airways
Tla Tumor <1 cm
Tib Tumor >1 but <2 cm
Tlc Tumor =2 but <3 cm
T2 Tumor >3 but <5 ¢m or tumor involving: visceral pleura,T main bronchus (not carina), atelectasis to hilum{
T2a Tumor >3 but <4 cm
T2b Tumor >4 but <5 cm
T3 Tumor =5 but <7 cm or invading chest wall, pericardium, phrenic nerve; or separate tumor nodule(s) in the same lobe
T4 Tumor >7 cm or tumor invading: mediastinum, diaphragm, heart, great vessels, recurrent laryngeal nerve, carina, trachea, esophagus,

spine; or tumor nodule(s) in a different ipsilateral lobe

N (regional lymph nodes)

NO No regional node metastasis
N1 Metastasis in ipsilateral pulmonary or hilar nodes
N2 Metastasis in ipsilateral mediastinal or subcarinal nodes
N3 Metastasis in contralateral mediastinal, hilar, or supraclavicular nodes
M (distant metastasis)
MO No distant metastasis
Mla Malignant pleural or pericardial effusion? or pleural or pericardial nodules or separate tumor nodule(s) in a contralateral lobe
Mib Single extrathoracic metastasis
Mile Multiple extrathoracic metastases (1 or >1 organ)

*Superficial spreading tumour of any size but confined to the tracheal or bronchial
wall. T Atelectasis or obstructive pneumonitis extending to hilum; such tumours are
classified as T2a if>3 and <4 cm, T2b if>4 and <5 cm.

¥Pleural effusions are excluded that are cytologically negative, non-bloody,
transudative, and clinically judged not to be due to cancer.
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Table 1.2. Lung cancer stage classification by 8" edition.

Modified from (Detterbeck, 2018). Image reproduced with permission of the rights holder,
Elsevier.

/M Subcategory
T1 Tla
T1b
Tlc
T2 T2a
T2b
3 T3
T4 T4
M1 Mla
M1b
Mlc

In general, the 5-year survival rate decreases the more advanced stage the cancer is. Patients
diagnosed with stage IA1, IA2 and IA3 disease have a 5-year survival rate of 92%, 83% and
77% respectively (Table 1.3). On the contrary, for stage IVA NSCLC the 5-year survival rate
drops to 10%, reaching less than 1% for patients diagnosed with stage IVB disease (Table 1.3)

(Goldstraw et al., 2016).

Table 1.3. Overall 5-year survival rate for the different stages of NSCLC.

Data adapted from (Goldstraw et al., 2016).

Stage IA1  1A2 IA3 IB A 1B IMA 1B Ilc IVA IVB
77% 68% 60% 53% 36% 26% 13% 10% <1%

5-year 92% 83%

survival
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1.1.2 NSCLC current treatment options

As mentioned before, the treatment approach depends entirely on the NSCLC stage.
Surgery is the main strategy for patients that can tolerate the surgery and have resectable
stage |, Il and Il tumours. Some patients also undergo adjuvant therapy after surgery, to avoid
cancer relapse, usually consisting of chemotherapy or radiotherapy (Zappa and Mousa, 2016;
Cancer Research UK, 2018b). Adjuvant chemotherapy has been suggested after surgical
resection in patients with high-risk stage IIA, IIB and IlIA disease. In this context, platinum-
based chemotherapy treatment provided an improvement of 4.5% in survival in patients with

stage |, Il and Ill after resection (Visbal et al., 2005).

Diagnosis of metastatic stage IV NSCLC accounts for 40% of all patients. As surgical
resection is not possible, the main purpose of treatment is prolonging survival and improving
quality of life through symptom management. Treatment approaches and their outcomes are
now dependent upon certain molecular characteristics of the tumour. The approach in the
majority of patients is the use of platinum-based chemotherapy (carboplatin or cisplatin)
combined with a taxane (paclitaxel or docetaxel), gemcitabine, vinorelbine, irinotecan or
pemetrexed. In general, all these regimens provide similar clinical benefit, with a median
overall survival (mOS) of 8 to 10 months (Zappa and Mousa, 2016; Spiro et al., 2004; Scagliotti
et al.,, 2008). On the other hand, radiotherapy is the therapy of choice when a localised
tumour in the chest cannot be surgically removed. Radiotherapy is also used as a palliative
treatment in patients who had no response to surgery or chemotherapy (Zappa and Mousa,

2016).

Immunotherapy is the most recent approach to managing many different
malignancies, including NSCLC. It aims to enhance the patient’s own anti-tumour immune
response, ideally promoting immune memory. Even though checkpoint blockade
immunotherapy increases survival and may promote long-lasting response, the therapeutic
benefit is limited to a fraction of patients. In the case of NSCLC, patients treated with
nivolumab (a monoclonal antibody targeting Programmed cell death protein 1 [anti-PD-1
mADb]) after platinum-based chemotherapy reported 51% 1-year survival, compared with 39%
of docetaxel-treated patients (Borghaei et al., 2015). Similar results were obtained in a phase
Il trial comparing nivolumab and docetaxel in a Chinese population. The median overall

survival (mOS) for nivolumab in this study was 12 months, compared to 9.6 months for
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docetaxel (Wu et al., 2018). Long-term data of studies evaluating nivolumab in NSCLC are
limited, but =3 years follow-up of two phase Ill clinical trials showed that the nivolumab-group
had a higher 3-year mOS than docetaxel group, with 17% and 8% respectively (NCT01642004,
NCT01673867) (Vokes et al., 2018).

Clinical trials conducted in advanced melanoma, a tumour considered to have high
immunogenicity, have shown increased response rates with combination checkpoint
blockade. In this study, combination checkpoint blockade correlated with a 10% increase in
2-year OS when compared with nivolumab alone (Hodi et al., 2016). As such, a phase lll trial
evaluated the efficacy of combination therapy nivolumab plus ipilimumab (an anti-CTLA-4
mAb) compared to chemotherapy in NSCLC patients with high mutational burden. The 1-year
progression free survival was 42.6% for nivolumab plus ipilimumab versus 13.2% for standard
of care chemotherapy, showing a clear benefit for the combined immunotherapy used as
first-line therapy (Hellmann et al., 2018). Importantly, all these treatments have been
approved by the US Food and Drug Administration (FDA) for the treatment of advanced
NSCLC.

Currently, research is aiming to develop new therapies to improve tumour regression
and long-term responses in patients with NSCLC and other malignancies that do not respond

to checkpoint blockade. This will be discussed further in this thesis.

1.2 Immune function in the context of cancer

1.2.1 Cancer immunology at a glance
The main function of the immune system is to distinguish self-antigens from danger
signals. Tolerance is promoted after recognition of self-antigens, whilst danger signals such

as pathogens and malignant cells initiate an immune response.

An effective immune response that promotes tumour rejection involves the
interaction of different immune cells and the coordinated orchestration of their function. In
general, the immune response is divided into innate and adaptive immunity. Cells from the
innate immune response, such as natural killer cells and y6 T-cells are capable of recognising

and directly killing tumour cells. B-cells, CD4* and CD8* T-cells form the adaptive immune
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response, capable of recognising specific tumour antigens, infiltrating the tumour and
promoting tumour elimination. B-cells and T-cells can also promote a long-lasting response

through tumour-antigen recognition memory.

CD4* and CD8* T-cells have the capacity to scan their specific antigen presented by
antigen presenting cells (APCs) in a major histocompatibility complex (MHC) class Il or class |
molecule, respectively. According to the two-signal model, T-cell activation requires both: (a)
signal one, consisting of the recognition of the antigen/MHC complex by the T-cell receptor
(TCR), which provides the specificity to the response; and (b) signal two, given normally by
co-stimulatory molecules from B7/CD28 family like CD80/CD86, normally expressed on APCs
and able to engage and deliver positive signals to T-cells upon binding to the co-stimulatory
receptor CD28 (Bretscher, 1999). This antigen-driven activation promotes proliferation,

differentiation and survival of T-cells.

Once fully activated, T-cells can migrate to the periphery and preferentially to
inflamed tissue. In the context of cancer, after recognition of tumour antigens presented upon
MHC-I molecules on the surface of tumour cells by CD8* T-cells, these cells target the
malignant cell for elimination through the secretion of granzyme B (GzmB) and perforin. The
elimination of the target cell by the killer cell in the immune synapse is triggered by the release
of cytotoxic granules containing GzmB and perforin. Perforin, a pore-forming protein, allows
GzmB to enter the target cell, cleave and activate caspases and caspase substrates, inducing

apoptosis (Barry and Bleackley, 2002).

Activated CD4* T-cells can also promote tumour elimination and help B-cells to
produce anti-tumour antibodies. T-helper 1 (Th1l) CD4* T-cells orchestrate the antitumor
response through the secretion of cytokines such as interleukin 2 (IL-2) and interferon-y

(IFNy), a pro-inflammatory cytokine.

Natural killer (NK) cells, which are part of the innate compartment, are lymphocytes
that also have cytotoxic activity. NK cells can promote tumour elimination by secretion of
GzmB and perforin like CD8* T-cells, without antigen recognition. On the contrary, NK cell
functions are regulated by a balance between activating and inhibitory signals delivered by
receptors on the surface of cells. Malignant cells can be spontaneously killed by NK cells by

either the loss of self-identifying molecules (as MHC-I) that triggers inhibitory signals in NK
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cells or the upregulation of ligands that trigger activating signals, which overcome inhibitory

signals and switch the balance towards cytotoxicity (Morvan and Lanier, 2016).

Despite the existence of these immune mechanisms in preventing tumour growth,

tumours can “escape” being eliminated by immune cells by using some of the regulatory

mechanisms of the immune system itself. These immune-regulatory mechanisms are

important in a healthy person to control an excessive inflammatory response and auto-

immunity. Tumours may also utilise these pathways to evade detection by the immune

system and subsequent destruction. The immune escape-mechanisms used by cancer cells

include:

1.

Low immunogenicity due to downregulation of MHC-I, loss of B2-
microglobulin (part of the MHC-I), upregulation of inhibitory ligands (i.e. PD-
L1, discussed further) in response to IFNy, increased IFNy insensitivity by
expression of loss-of-function mutations in IFNGR1 (IFNy receptor 1) and lack
of antigens recognised by T-cells. A caveat of MHC-I downregulation may be
susceptibility to NK cells, but this is normally overcome by the tumour cells
downregulating just one allele.

Tumour antigens are seen by T-cells as self-antigen when presented by APCs
without co-stimulation (signal two), which results in the induction of
tolerance.

Antigen loss, by the survival of tumour cells that do not express antigen
recognised by T-cells and driven by genomic instability of the tumour.
Tumour-induced privileged site, by secretion of molecules such as collagen
that creates a physical barrier around the tumour preventing immune cell
infiltration.

Tumour-induced immune suppression. The tumour can produce soluble
factors such as interleukin 10 (IL-10), transforming growth factor-B (TGF-B)
and indoleamine 2,3-dioxygenase (IDO) that directly suppress immune
response, or it can upregulate the expression of PD-L1 having a deleterious
effect on activated T-cells, as explained further. Also, the tumour can recruit
regulatory T-cells. CD4*FoxP3* regulatory T-cells (Treg) are a subset of

CD3*CD4* cells with immune-modulatory function, able to inhibit the function
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of cytotoxic CD8* T-cells and CD4* effector T-cells (Teff) by secretion of
immunosuppressive cytokines or by direct contact with other T-cells.

6. Tumour-induced immune privilege. Tumour cells and blood endothelial cells
within the tumour can upregulate the expression of CD95L (FasL) inducing
apoptosis of cytotoxic T-cells expressing CD95 (Fas). Interestingly, Treg cells
are refractory to CD95L-mediated apoptosis, promoting immune-tolerance to
the tumour. (Bernal et al., 2012; Murphy and Weaver, 2017; Alspach et al.,
2018; Turley et al., 2015).

Other cells capable of strongly suppressing T-cell function recruited within the tumour
are myeloid-derived suppressor cells (MDSC). MDSCs are a heterogeneous population of
immature myeloid cells accumulated during tumour progression (Umansky et al., 2016).
MDSCs are able to inhibit the antitumor response through induction of apoptosis of T-cells
and NK cells, impairing T-cell proliferation, antigen-recognition, migration, and production of
immune suppressive cytokines like IL-10 and TGFB (Umansky et al., 2016). Moreover, MDSCs
have been described to promote tumour angiogenesis and metastasis (Gabrilovich and

Nagaraj, 2009).

In general, several immune cell types can infiltrate the tumour, skewing the immune
response towards immunosuppression and promotion of tumour growth. Conversely, tumour
rejection may be promoted by enhancing the cytotoxic function of T-cells and NK cells through
immunotherapeutic strategies, thereby shifting the balance towards an effective anti-tumour
immune response. A summary of the interactions between the tumour and the immune

system is shown in Figure 1.2.
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Figure 1.2. The cancer-immunity cycle.

The crosstalk between the immune system and tumour cells is a cyclic process, starting with
the recognition of the tumour by immune cells and the subsequent development of inhibitory
mechanism by the tumour (Chen and Mellman, 2013). Image reproduced with permission of

the rights holder, Elsevier.
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1.2.2 Cancer immunoediting

Cancer immunoediting is the process by which the immune system senses and
eliminates malignant cells to avoid the development of cancer. However, this process can
result in the survival and thus selection of less immunogenic cancer cell variants that may
finally develop into a tumour. In other words, it is a balanced process where most malignant
cells are continuously eliminated by the immune system, however, unwillingly promote the
survival of less immunogenic cancer cells that may avoid the immune response and proliferate
(Dunn et al., 2002). Therefore, immunoediting is in itself a mechanism of resistance that is

required by malignant tumours to avoid immune detection and promote survival.

Cancer immunosurveillance, defined as the ability of the immune system to recognise
and eliminate tumours, is a part of cancer immunoediting. The first unequivocal experimental
suggestions of the ability of the immune system to detect and eliminate cancer cells were
shown using mouse models. Using tumour-transplantation models of fibrosarcoma and
antibodies against IFNy, it was shown that tumours grow faster in mice treated with anti-IFNy
antibody compared with untreated mice, showing an important role of endogenously
produced IFNy in immune competent mice. Furthermore, when the authors generated an
IFNy-insensitive fibrosarcoma cell line, tumours grew despite the administration of
lipopolysaccharide (LPS) injection to reject the tumour as observed in control mice (Dighe et
al., 1994; Dunn et al., 2002). The second strong evidence of immunosurveillance in cancer was
given by perforin”- (PKO) mice. Perforin is part of the cytolytic granules in CD8* T-cells and NK
cells responsible for perforating the plasma membrane of target cells, which allows the
passive diffusion of pro-apoptotic proteases that promote cell death. Wild-type (WT) and PKO
mice were injected with different syngeneic tumour cell lines at different concentrations.
PKO-mice struggled to control tumour development when injected between 10- to 100-fold
less cells than WT mice (van den Broek et al., 1996; Dunn et al., 2002). Similarly, when mice
were injected with the chemical carcinogen methylcholanthrene (MCA), the MCA-induced
tumours grew rapidly and with a higher incidence in PKO-mice than in wild-type mice (van
den Broek et al.,, 1996; Dunn et al., 2002). These results were replicated by other groups,
initiating a large amount of research supporting immunosurveillance of cancer in mouse

models.

33



Data from long-term large cohort studies have also provided evidence of cancer
immunosurveillance in humans. The knowledge that transplant patients have a higher rate of
cancer-incidence than the general population is widely reported and accepted (Penn and
Starzl, 1972). As transplant recipients normally receive immunosuppressive medication to
reduce the risk of transplant rejection, they become more susceptible to cancers of viral origin
(Trofe et al., 2004). Additionally, the frequency of non-viral-derived malignancies is also
higher in transplant patients when age-matched to the general population (Ross Sheil, 1986;
Dunn et al., 2002). Furthermore, human immunodeficiency virus (HIV)-positive patients
exhibit increased risk of viral-derived cancers, driven predominantly by Epstein-Barr virus
(lymphoma), human herpes virus 8 (Kaposi’s sarcoma) and human papillomavirus (HPV;

cervical cancer, rectal cancer and mouth cancer) (Boshoff and Weiss, 2002).

However, the existence of immunosurveillance in non-viral malignancies remained to
be confirmed. In fact, higher relative risk ratios have been observed in transplant recipients
for tumours without a known viral aetiology (Dunn et al., 2002). For example, assessment of
renal transplant patients showed increased standardized cancer-incidence ratios of colon,
lung, bladder, larynx, prostate, testis, kidney, non-Hodgkin lymphoma, cervix, ureter and
endocrine cancers when compared to the general population (Birkeland et al., 1995; Dunn et
al., 2003). Following cardiac transplantation, higher rates of both lung cancer and melanoma
was also found (Pham et al., 1995). Other studies showed similar tendencies with de novo
melanoma and other non-skin malignancies, the incidence ratio increasing 2- to 4-fold in
transplant patients when compared to the general population (Ross Sheil, 1986; Penn, 1996).
Therefore, immunocompromised patients had a higher probability to develop both viral and
non-viral tumours. Moreover, another observation confirming immunosurveillance in human
is the correlation between tumour-infiltrating lymphocytes (TILs) and prolonged survival of
patients. This correlation has been observed in a variety of malignancies including melanoma,
colorectal, oesophageal, gastric and ovarian cancers, indicating the importance of the
immune system in controlling and rejecting cancers (Clark Wallace H. et al., 1989; Naito et al.,

1998; Schumacher et al., 2001; Ishigami et al., 2000; Mihm et al., 1996; Zhang et al., 2003).

Cancer immunoediting is consequently a process that involves cancer
immunosurveillance, but also considers the crosstalk between the initially transformed cells

and the immune tumour microenvironment that permits the development of neoplasia. The
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steps of immunoediting have been described as the “three Es”: elimination, equilibrium and

escape (Dunn et al., 2002).

e Elimination - depends on cancer immunosurveillance. The majority of premalignant
cells are recognised and eradicated before they are able to continue to the next steps
of the immunoediting process. The process starts with the invasive growth of the
tumour that leads to inflammation signals that recruit IFNy-producing innate immune
cells, such as NK cells, macrophages and dendritic cells (DCs) amongst others. IFNy
induces local tumour cell death, promoting chemokine production and the restriction
of blood supply to the tumour, promoting additional cell death. DCs, classic antigen-
presenting cells (APCs), digest tumour-debris and migrate to the draining lymph node
(LN) to activate CD4* T-cells. At this point, the increased inflammation recruits more
NK cells and macrophages that transactivate each other by production of IFNy and
interleukin 12 (IL-12), resulting in further cell death. The last phase of elimination is
the arrival of CD4* Th1 and CD8* T-cells to the tumour site, to eradicate any remaining
tumour cells.

e Equilibrium - is a dynamic balance between the immune cells and any remaining
cancer cell population that survived the elimination stage. It is a process of Darwinian
selection promoted by the pressure of lymphocytes that eliminates most variants of
cancer cells, controlling cancer growth. However, a high mutational burden and
genomic instability of the tumour cells can promote the generation of new variants
and clones that are essentially sculpted by the immune system to acquire and display
immune-resistance. In brief, it is a period of cancer dormancy and selection of low
immunogenic variants.

e Escape - those tumour cells that survive the equilibrium phase and acquire the ability
to avoid detection or elimination by the immune system, start to rapidly divide and
expand generating a clinically detectable tumour. The tumour develops extrinsic
mechanisms to avoid the immune response like production of immunosuppressive
cytokines (e.g. IL-10 and TGF-B) and the recruitment of regulatory T-cells. Tumour-
intrinsic mechanism to avoid elimination are related to downregulation of cancer
antigens, MHC-I, development of IFNy-insensitivity, expression of anti-apoptotic

signals or disruptions in death-receptor signalling, among other strategies. These
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mechanisms finally allow the cancer cells to overcome the immune system and

proliferate unchecked (Dunn et al., 2002, 2003; Schreiber et al., 2011).

To summarise, cancer immunoediting explains both the success and failure of the
immune system during its interaction with a developing tumour. As long as the cancer cell
population is controlled but not eliminated in the equilibrium phase, the sculpting of
transformed cells by the pressure imposed by the immune system allows the selection of
those features that finally allow the tumour to escape immune detection and expand. Cancer
has many strategies to avoid immune-detection, but as advances are made in the basic
understanding of tumour/immune-system interactions, the development of novel and potent

strategies that overcome tumour-escape will become a reality.

1.2.3 Modifications to the tumour microenvironment

The crosstalk between malignant, immune and non-malignant cells defines the
tumour microenvironment (TME) — the cellular environment associated with the tumour (Hui
and Chen, 2015). In this thesis, a focus on the immune cells of the TME will drive most of the
discussion. The immune TME is defined by a variety of adaptive and innate immune cells that
suppress tumour elimination, as described above. The other components of the TME that can
also affect the immune-TME include stromal cells, fibroblasts, the extracellular matrix and the

vasculature (Hui and Chen, 2015).

An immunosuppressive TME is a key factor for tumour progression and one of the
main obstacles that immunotherapy must overcome to promote increased immunogenicity
and cancer cell destruction. Immunosuppression is associated with cytokines, chemokines
and growth factors produced by malignant and stroma cells in the context of chronic
inflammation associated with cancer (Hui and Chen, 2015). Also, the abnormal vasculature in
the TME is incapable of meeting the increasing requirements of a growing tumour, leading to
hypoxia and acidity (Hui and Chen, 2015). Hypoxia, besides directly promoting tumour
growth, recruits and re-educates immune cells towards immunosuppression and inhibits

killing functions (Noman et al., 2015).

To overcome the immunosuppressive milieu and promote an effective anti-tumour

immune response, one strategy is to target the TME to revert their immunosuppressive
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activity. Standard treatments including chemotherapy and radiotherapy, historically
described as selective cancer-killing therapies, have been studied in the last decade for their

effect on the tumour-infiltrating immune cells and their function.

Radiotherapy is used in up to 50% of patients of all cancers during the course of their
treatment, targeting the tumour cells and promoting their elimination (Harrington et al.,
2011). However, due to the unspecific nature of irradiation, radiotherapy also affects the
TME. Radiation induces endothelial cell dysfunction and apoptosis, promoting inflammation
(Paris et al., 2001). Irradiation also damages the vasculature, potentiating hypoxia which
increases the production of cytokines and chemokines that can then trigger an effective
immune response (Barker et al., 2015). Radiation can also increase the relative number of
immune suppressive cells by killing more radiosensitive cells, such as lymphocytes (Barker et
al.,, 2015). However, this increased relative number of suppressive cells can be
counterbalanced by the radiotherapy-triggered recruitment of circulating immune cells and
increased antigen exposure and presentation, promoting an effective immune response
(Barker et al., 2015). Therefore, the effect of radiotherapy on infiltrating immune cell
populations should be evaluated case-by-case. Moreover, pro-inflammatory cytokines such
as IL-1 and tumour necrosis factor-a (TNF-a) can also recruit more innate immune cells, that
in turn can recognise damage-associated molecular patterns (DAMPs) generated by cell stress
and death. DAMPs can be divided into (1) molecules exposed on the cell surface like
calreticulin, (2) passively released molecules such as high-mobility-group box 1 (HMGB1) and
(3) actively released molecules such as ATP (adenosine triphosphate). After irradiation, the
DAMP-response may promote immunogenic cell death, potentiating an immune response by
inducing the activation and maturation of DCs (Apetoh et al., 2007). Consequently, the overall

impact of irradiation on the anti-tumour immune response is difficult to predict.

Chemotherapy, another conventional anti-tumour treatment, can kill tumour cells or
stop their growth. Nevertheless, it also has effects on the immune function of the TME. In
general, chemotherapy can stimulate the immune function by (1) eliciting cellular
rearrangements that make dying cancer cells visible to the immune system (for example,
release of calreticulin, ATP and HMGB1) and by (2) transient lymphodepletion, overturning
immunosuppression and providing direct or indirect stimulation to immune effector cells

(Bracci et al., 2014). In this context, chemotherapy can also promote immune-mediated
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cancer cell death. For example, gemcitabine eliminated MDSC in a mouse model of colon
cancer, promoting the activity of immunomodulatory antibodies on T-cells for efficient
tumour elimination (Ko et al., 2007). Cyclophosphamide, another chemotherapeutic agent,
induces the secretion of stress cytokines by cancer cells, promoting the infiltration and
phagocytic activity of macrophages in a humanised mouse model of leukaemia (Pallasch et
al., 2014). Additionally, cyclophosphamide in combination with oxaliplatin has been shown to
increase sensitivity of CD8* T-cells to checkpoint blockade (Pfirschke et al., 2016). Moreover,
it has been described that an increase in the number of CD8* T-cells relative to Treg cells after
chemotherapy predicts a good therapeutic response in breast and colorectal cancer (Kroemer

et al.,, 2013).

On the other hand, chemotherapy, similarly to radiotherapy, can upregulate the
production of chemokines, cytokines and growth factors that recruitimmunosuppressive cells
and inhibit DC activation and CD8* T-cell function (Wu and Dai, 2017). Additionally,
chemotherapy can stimulate the production of tumour-derived factors that promote the
expansion of MDSCs, also contributing to immunosuppression (Wu and Dai, 2017). Therefore,
as with radiotherapy, a complete understanding of the impact of chemotherapy on the TME

is yet to be fully appreciated and requires further investigation.

Both standard therapies can be used as an approach to increase tumour
immunogenicity, in addition to their already described direct effect on cancerous cells. This is
especially important in the context of combination with antibody immunotherapies and the
potentiation of a memory response that can overcome resistance and assures long-lasting

tumour-control.

1.3 Antibody-mediated immunotherapy

In recent years, immunotherapy has emerged as a breakthrough in cancer treatment.
It works by reactivating and mobilising the immune cells from the patient to promote cancer
recognition and immune-mediated cytotoxic response. The modulation of co-inhibitory and
co-stimulatory signals through the targeting of immunomodulatory receptors expressed on

tumour-reactive lymphocytes has become a promising anti-cancer approach in various
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malignancies (Hodi et al., 2010; Larkin et al., 2015). A hallmark of immunotherapy is its ability

to induce long-term responses driven by acquisition of immunological memory.

The advances in the hybridoma technology leading to the development of monoclonal
antibodies (mAbs) in the last four decades contributed to the approval of the first antibody
to be used in humans, the anti-CD3 mAb muromonab (Bournazos and Ravetch, 2017). Since
then, more than 65 mAbs have been approved by the Food and Drug Administration (FDA)
for the treatment of autoimmune, neoplastic, chronic inflammatory and infectious diseases

with hundreds of ongoing clinical trials testing new antibodies (Bournazos and Ravetch, 2017).

The function of a therapeutic antibody (Ab) is defined by the targeted antigen and the
desired clinical outcome, which can be achieved through various mechanisms. In the context
of cancer therapy, cytotoxic antibodies directly targeting lymphoma and solid tumour cells
promote the elimination of transformed cells, whilst traditional immunomodulatory
antibodies, targeting molecules on the surface of leucocytes, mediate the anti-tumour
response through the regulation of the function of those cells. Depending on the target of the
antibody, immunomodulatory antibodies can either activate the function of the molecule by
acting as an agonist or suppress its function by blocking the receptor-ligand interaction

thereby antagonising it (antagonist antibody).

1.3.1 Role of the Fc:FcyR interaction in cancer antibody therapy

Antibodies currently used in immunotherapy are usually of the immunoglobulin G
(IgG) type. Considering their structure, antibodies have two different functional parts: the
fragment of antigen binding (Fab) and the fragment crystallizable (Fc). The Fab fraction
contains the variable region of the antibody, whilst the Fc provides antibodies with their
immune function by interaction with other soluble immune-components (such as
complement cascade elements) and with cells expressing specific receptors for the Fc (Fcy

receptors).

In general, mammals have four subclasses of IgG antibodies that can interact with
their receptors, Fcy receptors (FcyRs). The assignment of y in the FcyR is related to their

interaction with 1gG and no other classes of antibodies, i.e. IgA, IgE or IgM.
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FcyRs are expressed on NK cells, DCs, macrophages, B cells and neutrophils.
Depending of their activity, FcyRs are divided into two groups, activating and inhibitory FcyRs
(Furness et al., 2014). Activating FcyRs have an immunoreceptor tyrosine-based activation
motif (ITAM) that transduces activation signals, whilst inhibitory FcyRs possess an
immunoreceptor tyrosine-based inhibition motif (ITIM) delivering inhibitory signals. In
general, activating and inhibitory receptors are simultaneously expressed on the same cell
and the triggering of activating or inhibitory signals in the cell relies in achieving defined

thresholds in a tightly controlled manner (Furness et al., 2014; Weiner et al., 2010).

The only known inhibitory FcyR, in both mouse and human, is the FcyRIIb (or CD32b).
It is a single-chain receptor, expressed on all cells of the immune system except NK cells and
T-cells. It is also the only FcyR expressed on B-cells, regulating the activation by the B-cell
receptor (BCR), promoting tolerance (Bournazos and Ravetch, 2017; Nimmerjahn and

Ravetch, 2006).

FcyR from human and mouse have different nomenclature (Table 1.4). In humans,
activating receptors include FcyRI (CD64), FcyRlla (CD32a) and FcyRllla (or CD16a). FcyRI and
FcyRllla also need an ITAM-containing y chain to initiate signalling. In humans, FcyRlI is the
high-affinity receptor expressed on macrophages, DCs, neutrophils and eosinophils, whilst
FcyRllla is the primary FcyR expressed by NK cells, mast cells, macrophages and DC- (Weiner
et al., 2010). Importantly, FcyRllla is required for depletion of target cells by antibody-
dependent cell-mediated cytotoxicity (ADCC) in NK cells (Takai et al., 1994). In mice the

activating FcyR orthologues are FcyRla, FcyRIll and FcyRIV (Furness et al., 2014).

Individuals FcyRs have different affinities to the different isotypes of IgGs and these
affinities define the capacity of a monoclonal antibody to induce ADCC. The specific affinity
of the antibody to activating and inhibitory FcyRs is used to calculate an activating/inhibitory
(A:l) ratio. If the ratio is higher than 1, it indicates that the antibody has more affinity to
activating FcyRs and therefore is more likely to promote ADCC. On the contrary, if the A:l ratio
is less than 1, the antibody binds with higher affinity to the inhibitory FcyRIllb and triggers
inhibitory signals, thus not promoting ADCC (Furness et al., 2014). In case of human IgGs,
human 1gG1 (hlgG1) and higG3 have higher affinities for the activating FcyRs than hlgG2 and
hlgG4, suggesting different approach in a clinical setting. In mice, the A:l for IgG1 antibodies
is <1, indicating the high affinity for the inhibitory FcyRllb, and is normally described as a non-
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depleting antibody. On the other hand, murine 1gG2a and IgG2b have much higher A:l ratios
(up to 70) and are therefore normally described as depleting antibodies (Table 1.4)
(Hamaguchi et al., 2006; Furness et al., 2014).

Table 1.4. Table 1.4. Mouse and human FcyR homologues.

Modified from (Furness et al., 2014).
Mouse FcyRI FcyRIll FcyRIV FcyRllb

SEGELLES ITAM ITAM ITAM ITIM

motif

m Activating Activating Activating Inhibitory
Affinity High Low Low Low

IgG 1gG2a>IgG2b>IgG1 lIgG2a>IgG2b>IgG1 IgG2a>IgG2b>IgG1 IgG1>1gG2b>IgG2a
subclass

binding
B [mm R
SEGEITES ITAM ITAM ITAM ITIM

motif

m Activating Activating Activating Inhibitory
Affinity High Low Low Low

(€] 18G1>1gG3>1gG4>IgG2  I1gG1>IgG3>1gG2>1gG4  1gG3>IgG1l>IgG4>1gG2  1gG3+1gG4>1gG2>IgGl

subclass

binding
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The first class of antibodies ever used for cancer therapy focused on targeting cancer
cells directly. These antibodies acted either by (1) blocking receptors and stopping the
interaction with their ligands, binding to antigens on target cells and regulating their signalling
or (2) by inducing depletion or phagocytosis of target cells expressing the antigen via ADCC or
antibody-dependent cellular phagocytosis (ADCP), respectively (Johnson and Glennie, 2003;
Li et al., 2005). As mentioned, for antibodies that directly eliminate cancer cells by depletion
or phagocytosis, the selection of adequate IgG isotypes promoting that function is essential.
For example, the clinical antibodies rituximab (anti-CD20 mAb, a treatment for lymphoma)
and trastuzumab (anti-HER2 mAb, a treatment for breast cancer) were tested in mouse
models and their clinical efficacy required the presence of activating FcyR, whilst it was
regulated by the inhibitory FcyRIlb. Moreover, in mice lacking the inhibitory FcyRIlb, the ADCC
induced by both antibodies was more efficient, promoting increased anti-tumour response in
mice (Clynes et al., 2000). The same strategy is used with antibodies targeting epidermal
growth factor receptor (EGFR, by cetuximab), fibroblast growth factor receptor (FGFR) and
CD52 (Uchida et al., 2004; Barok et al., 2007; Hara et al., 2008; Qing et al., 2009; Golay et al.,
2006). This defined the importance of engagement of activating over inhibitory FcyR,
promoting higher A:l ratios, and thus the therapeutic function of these antibodies (Beers et

al., 2016).

A second class of antibodies are immunomodulatory antibodies which drive anti-
tumour immunity, either by providing co-stimulation to immune cells or by blocking co-
inhibitory signals repressing the function of effector immune cells. These antibodies are going

to be discussed further in this section.

1.3.2 Overview on immunomodulatory antibodies

As discussed before, based upon their structure, antibodies can be divided in two
functional components: Fab and Fc. The role of the Fc part was already discussed in the
previous section. The role of the Fab, which contains the variable region, is to interact
specifically with the antigen. Thereby, immunomodulatory antibodies bind to the antigen and
trigger the activation of co-stimulatory receptors or block signalling through co-inhibitory

receptors on immune cells (Figure 1.3).
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As immunomodulatory antibodies also contain an Fc portion, the design of these
antibodies should consider the potential impact of their interaction with different FcyRs in
vivo. In the beginning, these antibodies were designed to avoid engagement with activating
FcyRs and ADCC, therefore only acting through their modulatory function. However, later
studies comparing different isotypes of agonistic anti-CD40 mAbs reported that engagement
with FcyRIlb promoted increased activity and tumour elimination due to optimal crosslinking
of the target driven by FcyRllb-engagement (White et al., 2011; Li and Ravetch, 2011). It was
suggested that this could be a mechanism common to all tumour necrosis factor receptor
superfamily (TNFRSF) molecules (Furness et al., 2014). However, further work in mouse
models showed that engagement of activating FcyR and the consequent depletion of
regulatory T-cells was crucial for the anti-tumour response exerted by checkpoint blockers
like anti-CTLA-4 mAb and the co-stimulatory antibodies anti-GITR mAb and anti-OX-40 mAb
(Bulliard et al., 2013, 2014; Simpson et al., 2013; Selby et al., 2013). These co-stimulatory
antibodies, by eliminating Treg cells in the tumour and providing agonistic signals to effector
T-cell subsets, promote an anti-tumour T-cell response by CD8* T-cells. The preferred
elimination of regulatory T-cells in the tumour was associated with the higher level of
expression of the target protein on Treg compared to activated CD8* T-cells (Bulliard et al.,

2013).

In the case of human antibodies some evidence indicates a similar role for activating
FcyR in their in vivo activity. Ipilimumab, a human anti-CTLA-4 IgG1 monoclonal antibody has
been shown to promote Treg depletion ex vivo. In this study, using matched samples of PBMC
(peripheral blood mononuclear cell) and melanoma biopsies after ipilimumab treatment, the
investigators demonstrated that ipilimumab engaged FcyRllla expressed on non-classical
monocytes and, thereby promoted ADCC of Treg cells (Romano et al., 2015). Moreover, in
vivo data using mice expressing human FcyR showed that mouse anti-CTLA-4 antibodies with
Fc portions orthologous to the human isotypes of ipilimumab (IgG1) and tremelimumab
(IgG2) depleted Treg cells in the tumour, increasing the CD8* to Treg cell ratio (Arce Vargas et
al., 2018). Additionally, our laboratory demonstrated that anti-CTLA-4 antibodies engineered
to enhance their FcyR binding-profile increased the anti-tumour response, whilst the use of
isotypes lacking the capacity to evoke ADCC had impaired anti-tumour ability (Arce Vargas et

al.,, 2018). Moreover, a new report showed that the engagement of the Fc of mouse and
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human anti-CTLA-4 mAbs with the FcyRs on APCs was important for enhanced antigen-

specific T-cell responses and anti-tumour activity (Waight et al., 2018b).

The use of immunomodulatory antibodies for cancer therapy is currently under
intensive research, to potentiate an effective immune response in a higher proportion of
patients. In this context, a variety of new immunomodulatory targets are being explored and
tested in preclinical and clinical studies (Figure 1.3). In the next section some of those targets

will be described.

lgSF ICOS TNFRSF
PD-1 4-1BB
CTLA4 OX-40
LAG3 GITR

TIGIT

Figure 1.3. Overview of the immune-modulatory receptors.

Immune-modulatory receptors are expressed on the surface of T-cells. They are divided in co-
stimulatory (blue) or co-inhibitory (red). ICOS, PD-1, CTLA-4, LAG3, TIM-3 and TIGIT belong to
Immunoglobulin super-family (IgSF), whilst GITR, 4-1BB and OX-40 belong to the tumour
necrosis factor receptor super-family (TNFRSF). The figure was generated using Servier
Medical Art (2018).
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1.3.3 Immunomodulatory targets: members of the immunoglobulin

super family

1.3.3.1 CTLA-4

Cytotoxic T lymphocyte antigen-4 (CTLA-4, CD152) is an inhibitory receptor
member of the CD28-B7 immunoglobulin superfamily (IgSF). CTLA-4 is homologue to
CD28, and both genes are encoded in the same chromosome in mouse (chromosome

1) and human (chromosome 2) (Dariavach et al., 2018; Sledziriska et al., 2015).

CTLA-4 is mainly expressed by T-cells upon activation. After T-cell activation,
CTLA-4 is translocated to the membrane where it competes with CD28 for the binding
of CD80 and CD86 expressed on APCs. CTLA-4 has a 10-fold higher affinity for the
binding of CD80 and CD86 than CD28 and can even interfere with their interaction in
the immune synapse, regulating the priming of T-cells (Greene et al., 1996; Khalil et
al., 2016; Walunas et al., 1994). As with many other co-modulatory receptors, CTLA-4
is constitutively expressed on CD4* CD25* Treg cells (Takahashi et al., 2000).

Evidence of the checkpoint function of CTLA-4 controlling T-cell activation and
peripheral tolerance has been provided by mouse models. Ctla47- mice develop a
lymphoproliferative autoimmune disorder, multiorgan lymphocytic infiltration and
tissue destruction, with death at around 3-4 weeks of age (Waterhouse et al., 1995;
Tivol et al., 1995). Later studies showed that CTLA-4 deficiency restricted to CD4*
FoxP3* Treg cells promoted spontaneous systemic lymphoproliferation and fatal
autoimmune disease, associated with impaired suppressive function of Ctla”" Treg in

vitro and in vivo (Wing et al., 2008).

Currently, extensive evidence for the role of CTLA-4 as a negative regulator of
anti-tumour response has been produced. One of the first reports showing anti-
tumour response in mouse models of colon carcinoma using anti-CTLA-4 antibodies
was presented by James Allison’s group. In this study, in vivo administration of anti-
CTLA-4 mAb promoted rejection of pre-stablished tumours and gave protection
against a second tumour challenge (Leach et al., 1996). Similar anti-cancer effects

were observed in another immunogenic mouse model of prostate cancer after anti-

45



CTLA-4 mAb administration (Kwon et al., 1997). However, for poorly immunogenic
mouse tumours like B16-BL6 melanoma, anti-CTLA-4 mAb alone did not promote
significant tumour rejection, however, tumour elimination was observed after
combining anti-CTLA-4 mAb therapy with a tumour cell-based vaccine that produces
Granulocyte-Macrophage Colony stimulating factor (GM-CSF) (van Elsas et al., 1999;
Quezada et al., 2006). Most of these studies hypothesised the anti-tumour response
observed after anti-CTLA-4 mAb treatment was mainly driven by its checkpoint
blocking activity, “releasing the brakes” restraining T-cell function, promoting the
survival and proliferation of T-cells. Thus, increases in the CD8* T-cell to Treg cell ratios
observed in experiments combining anti-CTLA-4 mAb and GM-CSF producing cellular
vaccine (GVAX) were attributed to the increase in CD8* T-cells by the blocking
checkpoint activity of the antibody (Quezada et al., 2006).

Consequently to the Fc function of antibodies detailed above, experiments
performed in B16-BL6 melanomas combining GVAX with different clones of anti-CTLA-
4 mAb showed that the antibody preferentially eliminated Treg cells in the tumour by
FcyR-engagement of macrophages in the TME (Simpson et al., 2013). Similar results
were obtained in more immunogenic mouse models of colon adenocarcinoma using
anti-CTLA-4 mAb as a monotherapy (Selby et al., 2013; Bulliard et al., 2013). Moreover,
the study of human anti-CTLA-4 mAbs in vivo using transgenic mouse models (mice
expressing human FcyR) replicated the importance of Treg cell depletion for tumour

elimination, as already described above (Arce Vargas et al., 2018).

Ipilimumab (marketed by Bristol-Myers Squibb) is a fully human IgG1
monoclonal antibody targeting CTLA-4, approved in 2011 by the FDA for the treatment
of unresectable or metastatic melanoma following phase Il clinical trials
demonstrating increased mOS in patients treated with ipilimumab (Hodi et al., 2010;
McDermott et al., 2013). Moreover, up to 10 years follow up of patients treated with
ipilimumab was performed using pooled analysis, showing that after 3 years a plateau
of survival is observed in ipilimumab-treated patients, independent of the dose
received or previous treatments (Schadendorf et al., 2015). Ipilimumab has also been

tested in melanomas with brain metastasis, metastatic castration-resistant prostate
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cancer, and in combination as adjuvant therapy for stage Ill melanoma (Kwon et al.,

2014; Margolin et al., 2012; Eggermont et al., 2016).

A phase Il trial testing ipilimumab with standard chemotherapy (paclitaxel plus
carboplatin) showed that phased ipilimumab (after two doses of chemotherapy and
placebo) increased progression free survival (PFS) of chemotherapy-naive patients
with stage I1IB/IV NSCLC (Lynch et al., 2012). Unfortunately, a double-blinded phase IlI
study comparing chemotherapy plus ipilimumab or placebo did not significantly
increase mOS or PFS in advanced squamous NSCLC (Govindan et al., 2017). Ipilimumab
is also currently under evaluation for NSCLC treatment in further combination clinical
trials with standard chemotherapy and radiotherapy (NCT03573947, NCT03168464)
(Monteiro et al., 2016).

Tremelimumab is a human IgG2 anti-CTLA-4 mAb selected in pre-clinical design
to reduce ADCC promotion (Hanson et al., 2004). Even though it showed encouraging
results in phase I/Il trials, a phase lll trial evaluating tremelimumab in patients with
advanced melanoma indicated no significant survival advantage compared to

standard chemotherapy (Ribas et al., 2013).

CTLA-4 as atarget forimmunotherapy in poor prognosis cancers has promoted
a significant increase in research in recent years investigating other possible targets.
Problems with its toxicity have encouraged the search of more tolerable agents, such

as antibodies targeting PD-1/PD-L1.

1.3.3.2 PD-1/PD-L1

The immune checkpoint programmed cell death-1 (PD-1, CD279) is an
inhibitory surface protein member of the CD28 family and IgSF. PD-1 is expressed on
B-cells, NK and activated, but not resting T-cells (Keir et al., 2008). It is upregulated
after TCR-driven T-cell activation and by common y chain cytokines including IL-2, IL-
7, IL-15 and IL-21 (Sledziriska et al., 2015). PD-1 was firstly identified in a murine
hybridoma cell line after inducing classic programmed cell death and was named

accordingly (Ishida et al., 1992).
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PD-1 has two known ligands, PD-L1 and PD-L2 which both have co-inhibitory
properties (Latchman et al., 2001). Many tumours have infiltrating T-cells that express
PD-1, upon binding of PD-1 to its ligands, the signalling pathway results in diminished
cytokine production, impaired proliferation and cell lysis (Sundar et al., 2014). PD-1 in
its intracellular tail has phosphorylation sites located in the ITIM and in the
immunoreceptor tyrosine-based switch motif (ITSM), which is essential for PD-1

function on CD8* T-cells (He et al., 2015).

Evidence for a role of PD-1 and its ligands in peripheral tolerance has been
obtained in transgenic mouse models. For example, aged PD-17" mice develop a lupus-
like proliferative arthritis together with highly proliferative T-cells in vitro (Nishimura
H, Nose M, Hiai H, Minato N, 1999). These mice also exhibit dilated cardiomyopathy
with high titres of IgG (Nishimura et al.,, 2001). Another autoimmune disease
associated to PD-1 was observed in non-obese diabetic (NOD) mice, in which PD-1

deficiency accelerate the onset of the disease (Wang et al., 2005).

The ligand PD-L1 is normally expressed at low levels and upregulated upon
activation on immune cells such as T-cells, B-cells, DCs and myeloid cells. PD-L1 can
also be expressed by non-immune cells, such as lung, heart and more importantly on
malignant cells promoting T-cell anergy, exhaustion and recruitment of Treg cells
(Crespo et al., 2013; Sledziriska et al., 2015; Wang et al., 2008). The expression of the
ligand PD-L2 is restricted to macrophages, DCs and some cancer cells, but has also
been found on activated CD4* and CD8" T-cells, regulating their function (Latchman et
al., 2001; Messal et al., 2011). In general, PD-L2 expression is normally more restricted

and at lower levels than PD-L1 expression (Sledzifiska et al., 2015).

It has been shown that PD-L1 promotes the development and maintenance of
induced Treg cells (iTreg), thus PD-L17- APCs failed to convert naive CD4* T-cells into
iTreg (Francisco et al., 2009). Additionally, the important role of the PD-1/PD-L1 axis
in peripheral tolerance is shown by the development of fatal inflammation in PD-L17

PD-L27 Rag”" recipients after transfer of naive CD4* T-cells (Francisco et al., 2009).

In the context of cancer, PD-1 and PD-L1 blockade by antibodies resulted in

reduced tumour growth in mouse models (Blank et al., 2004; Strome et al., 2003).
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Additionally, it has been associated with the selection of intra-tumoral CD8* PD-1*
cells with an enrichment for tumour reactive cells, and the use of anti-PD-1 antibodies
as a strategy to rescue those cells from early stage of exhaustion (Inozume et al., 2010;
Gros et al., 2014; Ahmadzadeh et al., 2009; Ye et al., 2014). Currently, there are
hundreds of ongoing clinical trials using anti-PD-1 or anti-PD-L1 antibodies as an
intervention for cancer therapy. The rationale in the design of antibodies targeting
PD-1 relies in blocking the interaction with both ligands, PD-L1 and PD-L2. On the
contrary, cancer immunotherapy antibodies targeting PD-L1 block the interaction
between PD-1/PD-L1, without interfering with the interaction PD-1/PD-L2, which has
been associated to reduced toxicity of the treatment due to maintenance of
peripheral tolerance (Chinai et al.,, 2015). Currently, there are not clinical trials
evaluating anti-PD-L2 antibodies, because that treatment would not prevent the
tumour-induced immune suppression driving by PD-L1* tumour cells (NIH -
clinicaltrials.gov, 2019). AMP-224 is a PD-L2 IgG2a fusion protein that were tested in
different phase | trials (NIH - clinicaltrials.gov, 2019). As a PD-L2-1gG2a fusion protein,
it binds preferentially to PD-1" T-cells blocking the interaction with PD-L1 (Duffy et al.,
2016). The clinical trial showed that AMP-224 is safe, but unfortunately no objective

response was observed (Duffy et al., 2016).

Nivolumab is a fully human IgG4 mAb against PD-1. It was initially approved by
the FDA for the treatment of advanced melanoma at the end of 2014. Since then,
nivolumab has been granted approval by the FDA for the treatment of advanced-stage
NSCLC patients, renal cell carcinoma, Hodgkin lymphoma, head and neck cancer,
advanced or metastatic urothelial carcinoma, metastatic colorectal cancer,
hepatocellular carcinoma, as adjuvant therapy in resected melanoma and SCLC

(Robert et al., 2014; FDA website, 2018).

Pembrolizumab, a humanized IgG4 mAb against PD-1, was the first checkpoint
inhibitor approved for NSCLC, and is currently used as first line treatment in patients
with high expression of PD-L1 (> 50%) in the UK as suggested by National Institute for
Health and Care Excellence (NICE) guidelines (NICE, 2017). Pembrolizumab has also
been approved by the FDA for the treatment of patients with advanced melanoma,

advanced NSCLC, metastatic head and neck squamous cell carcinoma, classical
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Hodgkin lymphoma, advanced or metastatic urothelial carcinoma, recurrent advanced
or metastatic gastric or gastroesophageal junction cancer expressing PD-L1, recurrent
or metastatic cervical cancer expressing PD-L1, refractory or relapsed Primary
Mediastinal Large B-cell Lymphoma and metastatic non squamous NSCLC (FDA
website, 2018). Pembrolizumab has also been approved for the treatment of
unresectable or metastatic, microsatellite instability-high (MSI-H) or mismatch repair

deficient (dMMR) solid tumours (FDA website, 2018).

A different approach has been used with atezolizumab. Atezolizumab is an
anti-PD-L1 mAb with a human IgG1 (N298A) mutation that eliminates the binding to
human FcyR, thereby reducing ADCC. Atezolizumab has been approved by the FDA in
the last couple of years for the treatment of urothelial carcinoma, metastatic NSCLC
with disease progression after platinum chemotherapy (Rittmeyer et al., 2017) and
advanced bladder cancer. Currently, there are around 180 clinical trials recruiting

patients evaluating atezolizumab (NIH - clinicaltrials.gov, 2018) .

Avelumab (MSB0010718C) is the only anti-PD-L1 mAb that has an active hlgG1.
It is currently being tested in multiple clinical trials as mono- or combination therapy.
Avelumab was tested in a phase Il trial as a treatment for metastatic Merkel cell
carcinoma, showing promising results with 31.8% of patients achieving an objective
response (Kaufman et al.,, 2016). It is yet to be shown whether its unique design

promoting ADCC will result in higher efficacy than other anti-PD-(L)1 mAb.

In addition to the numerous investigations and approvals for both anti-CTLA-4
and anti-PD-1/PD-L1 mAbs as monotherapies, many ongoing trials are evaluating the
benefits of combination therapy. Supporting this idea, preclinical data showed an
increased anti-tumour response after combination therapy targeting both PD-1 and
CTLA-4 in mouse models of melanoma (Curran et al., 2010). This resulted in clinical
trials investigating the efficacy of the combination of nivolumab (anti-PD-1 mAb) with
ipilimumab (anti-CTLA-4 mAb), compared to ipilimumab alone, for the treatment of
unresectable or metastatic melanoma. The study showed 2-year OS of 63.8% for the
combination group and 53.6% for patients assigned to ipilimumab alone (Hodi et al.,
2016). This resulted in the first approval granted for combination checkpoint inhibitor
immunotherapies by the FDA (FDA website, 2018).
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Combinations anti-CTLA-4 mAb and anti-PD-1 mAb therapies

Since the approval by the FDA of combined nivolumab and ipilimumab for the
treatment of late stage melanoma in 2015, this combination has also been
investigated and subsequently approved for metastatic colorectal cancer this year

(Postow et al., 2015; Overman et al., 2018).

In 2018, the FDA also approved the combination of nivolumab and ipilimumab
for the treatment of intermediate/poor risk treatment-naive advanced renal cell-
carcinoma based on the results of the CheckMate 214 study (Tannir et al., 2018).
Additionally, the FDA has accepted the application of the same combination for the
treatment of NSCLC patients with high mutational burden following the results of the
phase Il CheckMate 227 study which demonstrated increased progression free

survival when compared with chemotherapy (Hellmann et al., 2018).

Despite the advances made in the development and study of checkpoint
blockade-based therapies, the percentage of patients with advanced disease
benefiting from durable responses remains very low. Therefore, new targets and

combination therapies require further investigation.

1.3.3.3 IcOS

Inducible T-cell Co-stimulator (ICOS, CD278) is a costimulatory receptor
expressed on T-cells. ICOS also belongs to the IgSF and, together with CD28 and CTLA-
4, belongs to the CD28 family (Hutloff et al., 1999).

ICOS is normally upregulated after activation through TCR-engagement and
co-stimulation of CD28. For this reason, naive T-cells and resting CD4* and CD8* T-cells
upregulate ICOS expression after TCR-stimulation. On the contrary, regulatory T-cells
express ICOS constitutively to a higher level than naive subsets of T-cells. The
engagement of ICOS by its ligand (ICOSL, CD275) concomitantly with TCR-activation
(signal 1) triggers its co-stimulatory function, promoting survival, proliferation and

differentiation (Burmeister et al., 2008; Hutloff et al., 1999; Rudd and Schneider,
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2003). ICOS is also involved in the secretion of a variety of Thl, Th2 and Th17
cytokines, thus enhancing their function. However, ICOS-mediated co-stimulation
tends to be less powerful than CD28-mediated co-stimulation, mainly because CD28,

but not ICOS, co-induces IL-2 secretion (Amatore et al., 2018).

ICOS ligand (ICOSL) is expressed mostly by professional APCs such as DCs, B-
cells and macrophages, but is also expressed on non-haematopoietic cells such as
endothelial cells, providing endothelial co-stimulation to T-cells (Khayyamian et al.,

2002).

ICOS is also an important co-stimulatory molecule in the context of cancer and
the mounting of an anti-tumour response. High expression of ICOS has been described
on regulatory tumour infiltrating lymphocytes (TILs) from melanoma and gastric
cancer patients and correlated with enhanced suppressor activity. Moreover ICOS*
Treg cells were preferentially expanded after IL-2 therapy, correlating with a poor
prognosis (Strauss et al., 2008; Nagase et al., 2016; Sim et al., 2014). Furthermore,
ICOSL expressed on melanoma cells co-stimulated Treg cells (Martin-Orozco et al.,
2010). Similarly, in breast cancer, ICOSL expressed by plasmacytoid DC (pDC)
promoted the proliferation of Tregs, correlating with a poor prognosis (Faget et al.,

2012).

In the context of cancer immunotherapy increased frequency of CD4* ICOS*
cells after treatment with ipilimumab (anti-CTLA-4 mAb) has been described in
bladder cancer, urothelial carcinoma and metastatic melanoma (Liakou et al., 2008;
Carthon et al., 2010; Di Giacomo et al., 2013). This higher frequency of CD4* ICOS",
found in the TILs and peripheral blood, led to an increased ICOS* Teff:Treg ratio after

ipilimumab therapy, which did not correlate with clinical outcome (Liakou et al., 2008).

Similarly, using mouse models of melanoma, it was observed that after anti-
CTLA-4 mAb therapy, ICOS”" mice had worse survival than wild-type counterparts (Fu
et al.,, 2011). Conversely, anti-CTLA-4 mAb combined with ICOS engagement by a
cellular vaccine expressing ICOSL, promoted better outcome in mice normally

resistant to anti-CTLA-4 therapy alone (Fan et al., 2014).

52



Considering the data discussed, ICOS appears to be an interesting
immunotherapy target. Moreover, three clinical trials using anti-ICOS mAbs as a
cancer therapy are currently recruiting patients having presented their preliminary
results. The first one is a phase | trial testing MEDI-570, an antagonistic anti-ICOS mAb,
in peripheral T-cell Lymphoma patients, sponsored by the US National Cancer Institute
(NCI) (NCT02520791). The second one is a phase I/ll clinical trial using JTX-2011, an
anti-ICOS agonistic mAb, as single agent or in combination with nivolumab,
ipilimumab or pembrolizumab for the treatment of advanced solid tumours
(NCT02904226). The third one, sponsored by GSK, is a phase | trial evaluating dose
escalation of the GSK3359609 anti-ICOS mAb in patients with advanced solid tumours

(NCT02723955). All these trials are further discussed in Chapter 3.

1.3.3.4 LAG3

Lymphocyte activation gene 3 (LAG3, CD223) is a co-inhibitory immune
checkpoint expressed on activated T-cells, regulatory T-cells, B-cells, NK cells and DCs.
LAG3 is also member of the IgSF, forming four extracellular Ig domains resembling CD4
(Huang et al., 2004). Both mouse and human LAG3 share structural similarity with CD4
(Miyazaki et al., 1996; Triebel et al., 1990). LAG3 binds to MHC-Il with a higher affinity
and inhibits activation of effector CD4* T-cells by a conserved KIEELE motif in its
cytoplasmatic tail (Workman et al., 2002; Huard et al., 1995). LAG3 is also expressed
by Treg cells, promoting their suppressive activity as shown by the limited suppressive
function of Treg derived from LAG37- mice (Huang et al., 2004). Importantly, LAG3"
mice do not develop lymphoproliferative or autoimmune pathologies as other
inhibitory molecule-Knock out mice, however LAG37- mice showed expansion of CD4*
and CD8* T-cells in the spleen starting at around 16 weeks of age, indicating a
modulatory function of LAG3 (Workman and Vignali, 2005). Moreover, the binding of
LAG3 expressed by activated human T-cells promoted the secretion of IL-12 and TNFa
by autologous monocytes, showing that the roles of LAG3 in homeostasis needs to be

carefully evaluated (Avice et al., 1999).

In the context of tumour immunotherapy, LAG3 has been investigated for its
role as an immune checkpoint like CTLA-4 and PD-1. Firstly, in models of chronic
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infection, LAG3 co-expression with PD-1 and 2B4 (an inhibitory molecule expressed
oninnate cells and some subsets of T-cells) was defined as a marker of exhausted CD8*
T-cells (Wherry et al., 2007; Assarsson et al., 2005). The same idea has been translated
to cancer immunotherapy, where T-cells co-expressing PD-1 and LAG3 are also
described as “exhausted”, but this definition has been questioned as expression of
inhibitory receptors is concomitant to different stages of activation and differentiation
(Fuertes Marraco et al., 2015). In this context, combination therapy with anti-PD-1
mAb and anti-LAG3 mAb has shown tumour regression of pre-established tumours in
mouse models of fibrosarcoma, colorectal cancer, melanoma and ovarian cancer,
consistently with a state of differentiation that can be overcome instead of

“exhaustion” (Woo et al., 2012; Huang et al., 2015).

A soluble LAG3 (sLAG3), generated by alternative splicing, can be normally
found in healthy patients and high levels of sLAG3 has been described as a good
prognosis factor for disease-free and overall survival in breast cancer expressing
oestrogen or progesterone receptors (Triebel et al., 2006). The phase I/Il trial
evaluating IMP321, a fusion LAG3-Ig, combined with paclitaxel has shown clinical
benefit in patients with metastatic breast cancer, together with long-term activation
of APCs, NK and CD8* T-cells (Brignone et al., 2010). In another phase | trial evaluating
the safety, tolerability and pharmacokinetics of IMP321 in renal carcinoma patients,
the study also showed sustained CD8* T-cell activation, tumour reduction and longer
progression free-survival after 3 months in patients receiving doses above 6 mg
(Brignone et al., 2009). An active not yet recruiting phase Il study (TACTI-002) is aiming
to test the combination of IMP321 with pembrolizumab in unresectable or metastatic
NSCLC, recurrent PD-1 refractory NSCLC or with recurrent or metastatic head and neck
squamous cell carcinoma (HNSSC) (NCT03625323). Additionally, a recent press release
confirmed that IMP321 is going to start a new study in combination with avelumab

(anti-PD-L1 mADb) (Immutep, 2018).

Antibody therapy targeting LAG3 is also under further development with
clinical trials underway. LAG3 expression has been described in renal cell carcinoma,
melanoma and lymphoma, mostly restricted to CD8* T-cells (Demeure et al., 2001). As

mentioned before, some tumours can express MHC-II. Considering this, a study using
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a mouse model of melanoma showed that MHC-II expression by tumour cells
promoted a LAG3-induced protection from apoptosis after binding of LAG3 expressed
on TILs, suggesting that blocking antibodies could also promote tumour elimination

by cutting survival signals within the tumour (Hemon et al., 2011).

To date there are 17 active clinical trials testing BMS-986016 (anti-LAG3 mADb,
by Bristol-Myer Squibb) in phase |, I/Il or Il investigating the benefit of this checkpoint
inhibitor in different malignancies either as a single agent (NCT02061761) or
combined with nivolumab, ipilimumab or other therapies (NIH - clinicaltrials.gov,

2018).

1.3.3.5 TIGIT

TIGIT (T cell Immunoglobulin and immunoreceptor tyrosine-based inhibitory
motif [ITIM] domain, VSTM3 or WUCAM) is an inhibitory immune checkpoint member
of the CD28 family and the IgSF and is expressed on T-cells and NK cells (Levin et al.,
2011; Burugu et al., 2017). TIGIT has an extracellular Ig variable domain and its
cytoplasmatic tail contains an ITIM and an Ig tail-tyrosine (ITT)-like motif (Yu et al.,
2008; Dougall et al., 2017). Similar to the network between CD28/CTLA-4/CD80/CD86,
CD266 is a co-stimulatory receptor sharing ligands with the inhibitory receptors TIGIT
and CD96 (Levin et al., 2011; Dougall et al., 2017). CD266 and TIGIT share two ligands:
CD155, a nectin-like protein also known as PVR, and CD112 also known as nectin-2 or

PVRL2 (Yu et al., 2008; Deuss et al., 2017).

In @ model of murine autoimmune arthritis (CIA, collagen-induced arthritis),
injections with soluble TIGIT-Ig attenuated the CIA score, whilst blocking with an anti-
TIGIT mAb accelerated the onset of the disease score (Levin et al., 2011). Moreover,
Tigit”- mice showed an increased disease score in another model of autoimmunity,
EAE (experimental autoimmune encephalomyelitis), showing its important role in

immune tolerance (Levin et al., 2011).

In mouse models of colon cancer and melanoma, tumour-infiltrating CD8* T-
cells expressed high levels of TIGIT and PD-1, marking a dysfunctional subset (Zhang

et al., 2018; Johnston et al., 2014; Kurtulus et al., 2015). In a study using mouse models
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of colon carcinoma, most of the tumour-bearing mice rejected the tumours after
treatment with anti-TIGIT mAb and anti-PD-L1 mAb, but not with each antibody as a
monotherapy (Johnston et al., 2014). Moreover, when the mice were re-challenged,
none of them developed tumour proving a long-lasting response (Johnston et al.,
2014). In other mouse models, anti-TIGIT mAb therapy alone was enough for longer
survival (Zhang et al., 2018). Additionally, Tigit”- mice had longer survival in mouse
models of melanoma and colon carcinoma (Kurtulus et al., 2015; Zhang et al., 2018).
Also, in mouse models of melanoma TIGIT* Treg TILs showed a more suppressive and
activated phenotype (Kurtulus et al., 2015). However, between all these studies the
main target for TIGIT’s role has been exhausted CD8* T-cells (Johnston et al., 2014),
exhausted NK cells (Zhang et al., 2018) or Treg cells (Kurtulus et al., 2015), showing

that the exact mechanism of action of this inhibitory molecule remains elusive.

High TIGIT-expression together with high levels of PD-1 on CD8* T-cells has
been observed on TILs from NSCLC, oesophageal cancer and melanoma patients,
suggesting that both markers defined a tumour-reactive CD8* subpopulation
(Johnston et al., 2014; Chauvin et al., 2015; Xie et al., 2016; Tassi et al., 2016). Between
studies, the definition of CD8*PD-1*TIGIT* cells as “exhausted” or activated has been
observed. TIGIT alone has also been identified as an “exhaustion” marker for tumour-
infiltrating NK cells in patients with colon cancer, demonstrating that the mechanism
of TIGIT in human malignancies is yet to be fully appreciated (Wang et al., 2015; Zhang
et al.,, 2018).

Although TIGIT has only recently been described as a potential therapeutic
target and its mechanism of action is not fully understood, there are currently three
clinical trials testing three different anti-TIGIT antibodies. The MTIG7192A/ BMS-
986207 antagonistic anti-TIGIT hlgGl mAb is being tested in combination with
atezolizumab for the treatment of advanced or metastatic chemotherapy-naive NSCLC
patients in a phase Il trial (NCT03563716). Another antibody, OMP-313M32 is being
tested in a phase | trial with nivolumab, recruiting patients with advanced or
metastatic cancer (NCT03119428). Another phase | trial is evaluating AB154, a higG1
anti-TIGIT mAb in combination with AB122, a higG4 anti-PD-1 mAb, for the treatment
of advances malignancies (NCT03628677).
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1.3.3.6 TIM-3

TIM-3 (T-cell Immunoglobulin- and mucin-domain-containing 3) is a member
of the TIM family of which all members form part of the IgSF. TIM-3 is an inhibitory
receptor expressed on T-cells and NK cells (Burugu et al., 2017). TIM-3 is a specific
Th1/Tcl molecule that, after engagement by its ligand galectin-9, induces an
intracellular calcium flux and subsequent death of Th1 cells in vitro, thereby possibly
contributing to the control of a Thl response (Zhu et al., 2005). In mouse models,
blocking TIM-3 using antibodies led to accelerated diabetes in NOD mice, showing the
role of TIM-3 in Thil-tolerance (Sanchez-Fueyo et al., 2003). Moreover, it has been
shown that in vivo administration of galectin-9 resulted in the elimination of IFNy*-
cells and, consequently, suppression of Th1 autoimmunity (Zhu et al., 2005). TIM-3 is
also highly expressed on Treg cells and promotes their suppressive function, which is

associated with STAT3 expression (Gautron et al., 2014; Gupta et al., 2012).

Similar to other checkpoint inhibitors, TIM-3 expression has also been
associated with exhaustion in chronic infections, including HIV, Hepatitis C and
lymphocytic choriomeningitis virus (Jones et al., 2008; Golden-Mason et al., 2009; Jin
et al., 2010). In cancer, comparable observations have been made. Exhausted CD8*
TIM3* PD-1* cells with compromised production of pro-inflammatory cytokines have
been identified in melanoma, gastric cancer, perineural squamous cell carcinoma,
oesophageal cancer, HNSSC, colon cancer, NSCLC and Schwannomas (Fourcade et al.,
2010; Lu et al., 2017; Linedale et al., 2017; Shayan et al., 2017; Li et al., 2017b; Zhou
et al., 2015; Xie et al., 2016; Tassi et al., 2016). Additionally, IL-12 treatment induced
exhaustion and poor prognosis in non-Hodgkin lymphoma patients, associated with
increased expression of TIM-3 (Yang et al., 2012). Considering this evidence, studies
in @ mouse model of colon carcinoma showed that combination therapy anti-PD-L1
mAb plus anti-TIM-3 mAb promoted the rejection of established tumours, without
significant rejection demonstrated from giving each therapy alone (Sakuishi et al.,

2010).

There are currently six clinical trials testing five different anti-TIM-3 antibodies.
MBG453, a humanised anti-TIM-3 higG4 mAb, is being tested in a phase | clinical trial
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for the treatment of haematologic malignancies combined with chemotherapy
(NCT03066648). MBG453 is also being tested in a phase /1l clinical trial in combination
with PDRO01 (an anti-PD-1 higG4 mAb) for the treatment of solid tumours
(NCT02608268). The anti-TIM-3 mAbs INCAGN02390 (a fully hlgG1) and Sym023, are
currently being evaluated in phase | trials for the treatment of advanced solid tumour
or lymphomas as monotherapy (NCT03652077, NCT03489343) (Waight et al., 2018a).
Another two phase | clinical trials targeting TIM-3 with two different antibodies, TSR-
022 (hlgG4) and LY3321367 (hlgG1 Fc null), are currently active, evaluating the safety
of different doses of the antibodies for the treatment of solid tumours in combination

with antibodies targeting PD-1/PD-L1 (NCT02817633, NCT03099109).

1.3.4 Immunomodulatory targets: members of the tumour necrosis

factor (TNF) receptor super family

1.3.4.1 GITR

GITR (Glucocorticoid-induced tumour necrosis factor receptor [TNFR] family
related protein, TNFRSF18, CD357) is a co-stimulatory receptor expressed by T-cells,
B-cells and NK cells (Ward-Kavanagh et al., 2016). GITR is constitutively expressed on
Treg cells, whilst naive T-cells have low levels of expression that can be upregulated
upon activation (Clouthier and Watts, 2014). On the other hand, GITR ligand (GITRL)
is also a member of the TNF superfamily and is mostly expressed by APCs such as DCs,

activated B cells and macrophages (Knee et al., 2016).

GITR was first described as a promoter of correct Treg function, as in vitro
assays with anti-GITR mAb impaired their suppressive function (Shimizu et al., 2002).
Moreover, administration of anti-GITR mAb to normal mice induced autoimmune
gastritis, highlighting the relevance of the receptor in the maintenance of tolerance

(Shimizu et al., 2002).

In mouse models, anti-GITR mAb therapy has shown tumour rejection in

bladder carcinoma, colon carcinoma, mammary tumours, lung cancer and peptide-
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expressing melanoma and, to a lesser degree, in pancreatic cancer (Coe et al., 2010;
Zhou et al., 2007; Aida et al., 2014; Duan et al., 2009; Zhou et al., 2010; Zhu et al.,
2015). In an ovarian cancer model, even though anti-GITR mAb or anti-PD-1 mAb
monotherapy did not promote tumour rejection, the combination therapy resulted in
a significant inhibition of peritoneal tumours (Lu et al., 2014). In a model of liver
metastasis by renal cell carcinoma, anti-GITR mAb combined with sunitinib (a tyrosine
kinase inhibitor) inhibited metastatic-growth by promoting infiltration and activation
of CD8* T-cells and NK cells together with macrophage activation (Yu et al., 2015). In
these models, because tumour-infiltrating Treg cells are the population with the
highest expression of GITR, the main function of anti-GITR mAb is Treg depletion,
which leads to effector CD4*, CD8* T-cells and NK activation. Importantly, anti-GITR
mAb therapy has shown effectivity in both immunogenic and non-immunogenic
models of cancer emerging as a suitable combination with other agents. Interestingly,
all these works used a rat IgG2b, which promotes depletion in mice. When the variable
region sequence of the anti-GITR antibody was engineered into a mouse IgG2a Fc
fraction and tested in a model of colon cancer, it was demonstrated that the depleting
function of the antibody by the correct binding to activating FcyR was necessary for

the anti-tumour response (Bulliard et al., 2013).

High GITR expression has been described on CD4*CD25* TILs from endometrial
cancer patients, correlating with poorly infiltrated and dysfunctional CD8* (Chang et
al., 2010). Additionally, high GITR expression has been described on Treg cells from
breast cancer, lymph nodes (LN) infiltrated from advanced breast cancer,
hepatocellular carcinoma and liver metastases from colorectal cancer (Krausz et al.,

2012; Li et al., 2011; Pedroza-Gonzalez et al., 2015).

There are seven clinical trials currently ongoing targeting GITR. OMP-336B11
(GITRL-Fc [hlgG1]) is being tested as monotherapy in a phase | clinical trial
(NCT03295942) for advanced or metastatic tumours (Chan et al., 2018). MEDI1873, a
hexameric human GITRL-hlgG1 fusion protein, is in an active, non-recruiting phase |
trial (NCT02583165). The remaining five clinical trials are evaluating three different
anti-GITR mAbs. TRX518 (anti-GITR hlgG1 mAb) is in a phase | trial (NCT01239134)

recruiting patients with stage Ill or IV melanoma and other solid tumours, with
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preliminary results confirming safety and tolerability (Koon et al.,, 2016). GWN323
(anti-GITR hlgG1 mAb) is being evaluated in a phase I/Ib study, alone or combined with
PDR0O0O1 (anti-PD-1 higG4 mAb) in advanced solid tumours and lymphomas
(NCT02740270). The anti-GITR mAb INCAGNO01876 is currently being investigated in
three trials: monotherapy in a phase I/Il trial for advanced and metastatic
malignancies (NCT02697591), in combination with nivolumab and ipilimumab in a
phase I/II clinical trial (NCT03126110) and in combination with pembrolizumab or
epacadostat (IDO inhibitor) in another phase /1l trial (NCT03277352).

1.3.4.2 4-1BB

4-1BB (CD137 or TNFRSF9) is another co-stimulatory receptor from the TNFR
super family (TNFRSF) and its expression is upregulated upon cell activation. It is
expressed on activated T-cells, activated NK cells, Treg cells, DCs and other myeloid
cells (Chester et al., 2017). It was first described that the interaction between 4-1BB
and its ligand (4-1BBL) induces proliferation of splenic T-cells (Goodwin et al., 1993).
4-1BBL is mostly expressed on APCs like DCs, macrophages and B-cells (Chester et al.,
2017). Accordingly, activation, proliferation, differentiation, survival, cytokine
production and generation of stable memory have been described after stimulation
of T-cells with agonistic anti-4-1BB Abs in vitro (Xu et al., 2005; Willoughby et al., 2014;
Hernandez-Chacon et al., 2011; Hurtado et al., 1997, 1995).

In mouse models of graft-versus-host disease (GVHD), anti-4-1BB mAb
promoted skin rejection that was linked to exacerbated cytotoxic CD8* (CTL) response
in vivo (Shuford et al., 1997). Moreover, anti-4-1BB mAb therapy prevented and
reversed OVA-induced anergy of cytotoxic CD8* T-cells in mice, restoring the
proliferation and cytokine production of CD8* cells, indicating a role of 4-1BB in

disrupting T-cell dysfunction (Wilcox et al., 2002).

Anti-4-1BB mAb therapy has also shown efficacy as a monotherapy in models
of fibrosarcoma, glioma, ovarian tumours, lung carcinoma and myeloma (Vinay and
Kwon, 2012). In mouse models of cancer with different levels of immunogenicity, such

as sarcoma and mastocytoma, anti-4-1BB mAb therapy effectively prolonged the
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survival of the mice (Melero et al.,, 1997). In less immunogenic models such as
melanoma, anti-4-1BB mAb combined with anti-LAG3 mAb promoted rejection of
tumours together with a reduced frequency of dysfunctional T-cells, reinforcing the
role of 4-1BB in restoring T-cell functionality in cancer (Williams et al., 2017). In other
less immunogenic models like colon carcinoma, anti-4-1BB mAb combined with local
IL-12 or a tumour antigen-derived peptide rejected tumours (Xu et al., 2005; Wilcox
et al.,, 2002). Additionally, in an OVA-melanoma model, anti-4-1BB mAb therapy
promoted the persistence and function of adoptively transferred CTLs (Weigelin et al.,

2015).

Infiltration of 4-1BB* cells has also been described in human malignancies.
Houot et al made this observation in human primary lymphoma (Houot et al., 2009).
Additionally, 4-1BB has been used as a marker of tumour-reactive T-cells from PBMC
of gastric cancer patients and has been used for the selection of tumour-reactive T-
cells in vitro and in vivo from samples of ovarian and melanoma patients (Ye et al.,

2014; Choi et al., 2014).

Urelumab (BMS-663513), a fully human non-blocking anti-4-1BB 1gG4 mADb,
was the first anti-4-1BB mAb entering clinical trials in the last decade. The dose-
escalation trials revealed dose-dependent liver toxicity, leading to termination of the
trials. Currently, liver toxicity has been described at low dose level (0.3 mg/Kg),
resulting in the adoption of a lower flat dose of 8 mg that reduced liver toxicity and is
being utilised in new clinical trials testing urelumab in combination with other anti-
cancer agents (Chester et al., 2017). There are currently five clinical trials recruiting
patients to evaluate urelumab in combination with nivolumab (NCT02253992,
NCT02845323, NCT02534506, NCT02658981), cabiralizumab (NCT03431948), BMS
986016 (anti-LAG3 mAb) and anti-PD-1 mAb (NCT02658981). There are another four
completed clinical trials in which urelumab (NCT01471210) was evaluated alone or in
combination with rituximab (NCT01775631), cetuximab (NCT02110082) and lirilumab
(anti- KIR2DL1/2L3 mAb) or elotuzumab (anti- SLAMF7 mAb) (NCT02252263). The
study of urelumab dosage (NCT01471210) showed significant transaminitis associated
to doses of >1 mg/Kg, however, safety was demonstrated for 0.1 mg/Kg doses every

3 weeks, encouraging the evaluation of combination therapies (Segal et al., 2017).

61



Importantly, a recent study elucidated the mechanism related to anti-4-1BB
liver toxicity. According to the authors, the expansion of IL-27-producing cells in the
liver triggered by anti-4-1BB mAbs promotes the accumulation and cytotoxicity of
CD8* T-cells and hepatitis (Bartkowiak et al., 2018). Undoubtedly, these results will

provide new strategies for safer and more tolerable urelumab therapy in the future.

Utomilumab (PF-05082566) is a fully humanized IgG2 agonistic anti-4-1BB mAb
that blocks the interaction 4-1BB/4-1BBL. Interestingly, initial results of a dose-
escalation clinical trial (NCT01307267) have shown no sign of liver toxicity, compared
to that observed with urelumab (Segal et al., 2014). The same phase | clinical trial is
testing utomilumab combined with rituximab in CD20* non-Hodgkin lymphoma
patients, with 2 complete responses reported to date (Gopal et al., 2015). However,
the effectivity of utomilumab as an anti-tumour agent remains to be confirmed in

further studies.

Currently, there are 12 ongoing clinical trials evaluating the utomilumab in
combination with pembrolizumab, rituximab, PF-04518600 (anti-OX-40 mAb),
trastuzumab, avelumab, vaccines and chemotherapy for treatment of solid cancer and
haematological malignancies (NCT03290937, NCT02315066, NCT03364348,
NCT02554812, NCT03318900, NCT03258008, NCT03414658, NCT03217747,
NCT03390296, NCT02951156, NCT03440567).

1.3.4.3 0X-40

A member of the TNFRSF, OX-40 (CD134) is another co-stimulatory receptor
expressed on activated T-cells and Treg. It is also expressed to a lesser extent on NK
and natural killer T-cells (NKT cells). OX-40 is upregulated upon activation and is
constitutively expressed on Treg cells (Willoughby et al.,, 2017). OX-40 is normally
transiently expressed after TCR-triggering, promoting proliferation, differentiation
and survival of memory subsets (Ward-Kavanagh et al., 2016). OX-40 ligand (OX-40L,
CD252) is also induced after stimulation and is expressed on DCs, B-cells,

macrophages, NK and mast cells (Willoughby et al., 2017).
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The interaction of OX-40 with OX-40L induces T-cell proliferation and cytokine
secretion (Godfrey et al., 1994; Baum et al., 1994). Experiments evaluating OX-407
mice and OX-407 Ag-specific CD8* T-cells showed in vivo that deficiency in OX-40
signalling lead to impaired proliferation, decreased survival and lower frequency of
memory T-cells, indicating a role for OX-40 in optimal clonal expansion (Gramaglia et

al., 2000; Bansal-Pakala et al., 2004).

In mouse models of cancer, OX407- mice developed more EG.7 tumours than
wild-type mice, suggesting an important role of this modulatory molecule (Bansal-
Pakala et al., 2004). Accordingly, mice treated with anti-OX-40 mAb rejected tumours
in a variety of mouse models of cancer (Piconese et al., 2008; Bansal-Pakala et al.,

2004).

Agonistic antibodies against OX-40 have also been studied. In a mouse model
of ovarian cancer, anti-OX-40 mAb combined with anti-PD-1 mAb promoted survival
in a CD8*-dependent manner, with reduced Treg cells (Guo et al., 2014). Similarly, anti-
OX-40 mAb combined with anti-CTLA-4 mAb or radiotherapy also showed tumour
elimination (Redmond et al., 2014; Marabelle et al., 2013; Yokouchi et al., 2008).
Interestingly, in these experiments the isotypes used were not ADCC-optimised, but
retaining ADCC function in tumour context, as demonstrated by Bulliard and
collaborators (Bulliard et al., 2014). Remarkably, when the isotype of the antibody was
optimised for a depleting function it could be confirmed that anti-OX-40 mAb anti-

tumour activity is dependent on Treg depletion in the tumour (Bulliard et al., 2014).

Similarly to mice, high OX-40 expression has been described on Treg cells in
gastric cancer patients (Piconese et al., 2014). Expression of OX-40 has also been
described on CD4* infiltrating T-cells from melanoma, head and neck and primary
breast tumours (Vetto et al., 1997; Ramstad et al., 2000). 9B12, a murine IgG1 anti-
0OX-40 mAb was shown to have acceptable toxicity and a response rate of 40% in a

phase | clinical trial (Curti et al., 2013).

Currently, there are several clinical trials evaluating several different agonistic
anti-OX-40 antibodies in various malignancies. Antibodies including MEDI6469, PF-
04518600, BMS 986178, MEDI0562, GSK3174998, INCAGN01949 and MOXR0916 are
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being evaluated as monotherapy or in combination with ipilimumab, nivolumab,
pembrolizumab, atezolizumab, tremelimumab, avelumab, rituximab, axitinib and
chemotherapy, among others (Bell et al.,, 2017; Dempke et al.,, 2017; NIH -

clinicaltrials.gov, 2018).

1.4 Scientific rationale and aims

Checkpoint blockade, one of the immunotherapeutic approaches in anti-cancer
therapy, has provided durable remission in some patients with advanced disease.
Unfortunately, the fraction of patients benefiting from these therapies remains low.
For this reason, it is necessary to rationally design, develop and test new therapies
and strategies to promote cancer rejection and immune memory to avoid cancer

relapse.

The work undertaken in this thesis focused on two different approaches in the

design and proposal of new immunotherapies, as described below.

1.4.1 Selection of ICOS as a target for antibody immunotherapy

ICOS was selected as an interesting target for antibody immunotherapy to study
in this project based on ambiguous clinical and preclinical data. ICOS is a co-
stimulatory molecule expressed on activated T-cells and Treg cells that after

stimulation promotes T-cell proliferation and survival, as discussed above.

Experiments in mouse models of melanoma showed that ICOS-signalling is
required for effective tumour rejection with anti-CTLA-4 mAb therapy (Fu et al., 2011;
Fan et al., 2014). Moreover, clinical data from patients treated with ipilimumab (an
anti-CTLA-4 mAb) has shown increased frequency of CD4* ICOS* cells in the blood as a
good prognosis indicator in melanoma (Carthon et al., 2010; Di Giacomo et al., 2013).

Further preclinical and clinical data will be discussed in Chapter 3.

It was hypothesised that an anti-ICOS agonistic antibody might provide co-

stimulatory signals to T-cells in the tumour, promoting T-cell activation and function.
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It was expected that this T-cell activation could drive tumour rejection in established

mouse models of cancer.

To test this hypothesis, the following aims were set:

1. Produce an agonistic anti-ICOS monoclonal antibody;

2. Test anti-tumour efficacy of anti-ICOS mAb in mouse models of cancer as
monotherapy;

3. Test anti-tumour efficacy of anti-ICOS mAb combined with anti-PD-1 mAb

or anti-CTLA-4 mAb in mouse models of cancer.

The generals aim of this project will be expanded in Chapter 3.

1.4.2 Deciphering the immune tumour microenvironment of mouse

models of lung cancer for the rationale design of therapies.

As mentioned before in this Chapter, lung cancer carries the highest mortality
in the UK (Cancer Research UK, 2018a). Immunotherapies have been approved for the
treatment of advanced NSCLC and provide significant benefit for patients when

compared to traditional chemotherapy.

Nevertheless, as clinical benefit is still restricted to a fraction of the patients,
the necessity of new therapies requires suitable preclinical models. In order to
develop suitable mouse models, firstly NSCLC samples were evaluated, with their

immune landscape previously characterised in the laboratory by Dr Andrew Furness.

It was hypothesised that systematic characterisation of the immune landscape
in lung cancer will inform the rational development of improved immune-modulatory
antibodies and the evaluation of novel combination immunotherapies. Therefore, the
need to characterise this immune landscape in mouse models of cancer and compare

it to the TME of human NSCLC was identified.

This project focused on characterising mouse models that resembled the

previously described immune landscape in NSCLC, in order to define the most relevant
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murine models for the evaluation of novel therapies as single agents and in

combination.
The general aims of this part of the project were:

1. To develop mouse models of lung cancer and characterise their immune TME;

2. To evaluate the immune TME of models of lung cancer after traditional
treatments as radiotherapy and chemotherapy;

3. To propose, test and evaluate the effect of immunotherapies in the immune

TME.

66



2 Materials and Methods

2.1 Cell lines

The cell lines Jurkat-NFAT.GFP, HEK 293T (human embryonic kidney 293) and CT 26 (mouse

colon carcinoma) were kindly donated by Dr Martin Pule.

MCA 205, a mouse chemically induced sarcoma cell line, were kindly donated by Dr Lorenzo

Galluzzi.
MC 38 mouse colon adenocarcinoma were kindly donated by Dr Burkhard Becher.

CMT-167, a mouse lung carcinoma cell line, were purchased from Sigma Aldrich (Catalogue
number: 10032302, Sigma Aldrich). Briefly, the CMT-167 cell line is a highly metastatic
subclone of the murine lung carcinoma cell line CMT-64 that was isolated by subcloning and

selected by its metastatic potential.

KPB6.F1 and KPB6.F2, mouse lung adenocarcinoma cell lines, were generated previously in
our laboratory by Dr Fred Arce Vargas. Briefly, KrasY/6120; Trp53flox/flox C57BL/6 mice
developed lung adenocarcinomas after intra nasal administration of adenovirus expressing
the protein Cre recombinase (DuPage et al., 2009). After euthanising the mice, lungs were
recovered and grown in vitro to generate the KPB6.FO cell line. After the establishment of the
KPB6.FO cell line, wild-type (WT) C57BL/6 mice were challenged with the KPB6.FO cell line and
developed lung tumours. Lungs of tumour-bearing mice injected with KPB6.FO cell line were
then recovered and cultured in vitro to generate the KPB6.F1 cell line. To favour
immunoediting, KPB6.F1 cells were injected intravenously into WT C57BL/6 mice and after
the development of lung tumours, the tissue was recovered and cultured in vitro to generate
the KPB6.F2 cell line. Regarding lung cancer models, the main work in this thesis was done
using the KPB6.F1 cell line. KPB6.F2 cell line was later transduced to express GFP (KPB6.F2-
GFP*). KPB6.F2 and KPB6.F2-GFP* cell lines were used in experiments referred in the annex of

this thesis.
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2.2 Cell culture

MCA205 and CMT-167 cell lines were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Sigma Aldrich) supplemented with 10% Foetal Bovine Serum (FBS, Gibco), 2 mM L-
Glutamine (Sigma Aldrich) and 100 U/mL penicillin plus 100 pg/mL streptomycin (Sigma
Aldrich). HEK 293T, KPB6.F1 and KPB6.F2 cell lines were grown in supplemented Iscove’s
Modified Eagle’s Medium (cIMDM, Sigma Aldrich). Jurkat-NFAT.GFP, CT 26 and MC 38 cell
lines were cultured in supplemented Roswell Park Memorial Institute medium 1640 (cRPMI,

Sigma Aldrich).

2.3 Mice

Seven- to 8-week-old female C57BL/6 and BALB/c wild-type (WT) mice were obtained from

Charles River Laboratories.

FcyR7- (Fc gamma receptor [FcyR] knock-out) also known as Fcerlg”” or Fcer1gt™R% mice, in
a C57BL/6 background, are mice that lack the three activating Fcy receptors (FcyRI, FcyRlll,
FcyRIV) (Takai et al., 1994). FcyR” mice were kindly donated by Dr Stephen Beers and were
bread and housed at UCL Biological Service Unit (BSU).

FcyRIlb7- (Fc gamma receptor llb [FcyRlIb] knock-out) also known as Fcgr2b™~ or Fcgr2bt™1Ttk
mice in a C57BL/6 background, are mice that lack the inhibitory FcyRllb (Takai et al., 1996).
hFcyR (human Fc gamma receptor) mice, also known as huFcyR or C57BL/6 FcRa/"Fcgrl”
FCGR1YFCGR2ARI3IUFCGR2B?329FCGR3AFI*89FCGRIIIBY mice, in a C57BL/6 background, are
mice that express the human FcyRs FcyRI, FcyRIIA, FcyRIIB, FcyRIIIA, and FcyRIIB without
expressing mouse FcyR. Briefly, mice lacking mouse FcyRIIB, FcyRlIll, and FcyRIV (FcyRa™”/~
mice) were crossed to FcyRI7~ mice generating FcRa null mice, with no detectable murine FcyR
expression (Smith et al., 2012). The FcRa null mice were then bred with the strains huFCGR1A,
huFCGR2AR3 huFCGR2B'?32, huFCRG3A>8 and huFCGR3B, leaving the expression of human
FcyR under the control of their endogenous human regulatory elements (Smith et al., 2012).
Both mice strains, FcyRIIb” and hFcyR, were a kind gift by Dr Jeffrey Ravetch. FcyRIIb”" and

hFcyR mice were housed and bred in Charles Rivers Laboratories.
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All animals were maintained in individually ventilated cages and pathogen-free conditions at
UCL Biological Service Unit (BSU) following arrival, in accordance with Home Office and
institutional guidelines. Animal protocols were approved by local institutional research
committees and in accordance with the Animal (Scientific Procedures) Act 1986 guidelines by

UK Home Office.

2.4 Therapeutic antibodies

The production of anti-ICOS (37A10 clone) mAb with the isotypes mouse IgG1, mouse IgG2a,
human IgG1 and human IgG4, anti-CD25 (PC61 clone) mAb mouse IgG2a and anti-4-1BB (3H3

clone) mAb mouse IgG1 was outsourced to Evitria AG (Switzerland).

The antibodies anti-4-1BB mAb (clone LOB12.3) rat 1gG1, anti-TIGIT mAb (clone 1G9, mouse
IgG1), anti-LAG3 mAb (clone C9B7W, rat 1gG1) and anti-CD16/CD32 mAb (clone 2.4G2) rat

IgG2b were purchased from BioXcell (US).

The anti-CD25 mAb (TUSKC22) mouse IgG2a was kindly provided by Tusk Therapeutics.

2.5 Tumour models

2.5.1 Subcutaneous tumours

C57BL/6, FcyR”, FcyRlIb” and hFcyR mice were injected subcutaneously with 500,000
MCA205, MC 38 or CMT-167 cells in the right flank. BALBc mice were injected subcutaneously
with 500,000 cells CT 26 cells in the right flank.

For survival experiments, mice were treated with therapeutic antibodies at the dose indicated
in each figure by intraperitoneal injection on days 6, 9 and 12 after tumour injection, unless
indicated otherwise. Tumours were measured three-times-weekly and mice were euthanised

when any orthogonal measured reached 150 mm.

For tumour microenvironment evaluation experiments, mice were treated with therapeutic
antibodies at the dose indicated in each figure by intraperitoneal injection on days 6 and 9
after tumour injection. 48 hours after the last treatment injection, mice were euthanised and

tumours and draining lymph nodes (LN) were collected for further analysis by flow cytometry.
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2.5.2 Lung cancer models

2.5.2.1 Titration
C57BL/6 mice were injected intravenously with increasing numbers of KPB6.F2, KPB6.F1 and
CMT-167 cells in order to stablish the optimal number of cells to set up the models. After 21

days, mice were culled, and tumour-bearing lungs were collected.

2.5.2.2 Radiotherapy experiment

C57BL/6 mice were injected intravenously with 80,000 KPB6.F1 and were divided in two
fractioning schedules in the right lung: one dose of 8 Gy or 3x8Gy fraction. The first dose of
irradiation was given 10 days after tumour injection, the second dose at day 12 and the third
dose at day 14 post-tumour injection. Mice that received a single dose of irradiation were
euthanised at day 13 and 17 post-tumour challenge. Mice that received 3x8Gy fractions were

euthanised at day 17 and 21 after tumour challenge. Lungs were collected for further analysis.

Irradiation treatments

Irradiation treatments were done in collaboration with Dr Rebecca Carter and Mr Adam

Westhorpe.

An Xstrahl SARRP S/N 525722 irradiator (225kV x-ray tube, dose rate 2.83 Gy/min) with 0.1

mm Be filtration was used.

CBCT was performed before each radiation treatment to confirm target position. Each mouse
was anaesthetized with isoflurane on a 3D printed bed and rotated between the X-ray source
and a digital flat-panel detector. The images were obtained at 60 kVp and 0.8 mA with 1 mm
Al filtration of an uncollimated primary beam. For most mice, 720 projections were acquired
(approx. 0.5° increments for each projection, 0.02 Gy total radiation dose). The CBCT slices
were rendered into a 3D image reconstruction, using the FDK® algorithm with a voxel size

from between .01 to 5 mm.
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Muriplan software was used to enable treatment planning to target the right lung individually.
Dose calculations used a Monte Carlo simulation superposition-convolution dose algorithm,

similar to those used clinically.

Mice received either a single dose of 8 Gy, or 3x 8 Gy fractions delivered with 48 hours
between treatments. Each treatment was delivered using 2x 4 Gy, targeted to maximise dose
delivery to a single lung, the beam used was 220 kVp and 13 mA, filtered with 0.15 mm Cu,

targeted via a 10 mm collimator.

2.5.2.3 Chemotherapy experiment

C57BL/6 mice were injected intravenously with 80,000 KPB6.F1. For the treatments, 10 days
after tumour injection, mice were intraperitoneally injected with 1 mg of cyclophosphamide
(Sigma Aldrich), 0.05 mg oxaliplatin (Sigma Aldrich) or 200 pg of anti-CD25 (clone PC61) mAb
mouse lgG2a. At day 21 after tumour injection, mice were euthanised and tumour-bearing

lungs were collected for further analysis.

2.5.2.4 Immunotherapy experiments

C57BL/6 mice were injected intravenously with 80,000 KPB6.F1 cells or 300,000 CMT-167 cells
on day 0. KPB6.F1 tumour-bearing mice were treated with therapeutic antibodies at the dose
indicated in each figure by intraperitoneal injection on days 6, 7, 10 and 13 after the tumour
cell injection. Mice were euthanised 17 days after tumour challenge and tumour bearing-

lungs were recovered for further analysis by flow cytometry.

CMT-167 tumour-bearing mice received therapeutic antibodies by intraperitoneal injection
on days 5, 6, 9 and 12 post-tumour injection. At day 19 after tumour cell injection, mice were
euthanised and tumour-bearing lungs were collected. The right lung was processed and

analysed by flow cytometry, whilst the left lung was fixed, and H&E stained.
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Haematoxylin and Eosin staining

Haematoxylin and Eosin (H&E) staining of formalin-fixed left lungs was performed by Ms

Adriana Resende in the Pathology Core Facility at UCL.

Metastatic index calculation

H&E slides were used to calculate the metastatic index (Qian et al., 2009). Briefly, the area of
tumour nodules and total area of the left lung were calculated for three different slides for
each mouse to obtain the volume of tumours and total volume of the lung. The metastatic

index was then calculated for each mouse with the following formula:

Metastasis volumen

Metastatic index =
Total lung volumen

2.5.3 Single cell suspension for flow cytometry analysis

Tumours or tumour-bearing lungs were chopped and digested with a mix of Liberase TL (300
ug/mL, Roche) and DNAse (2 ug/mL, Roche) in RPMI for 30 minutes at 37°C. A single cell
suspension was obtained, resuspended in 3 mL of RPMI and put into a 3 mL single density
gradient (Histopaque 1119, Sigma-Aldrich). After centrifugation (700G, 10 minutes, 25°C) cells
were collected from the gradient interface and resuspended in a define volume of FACS buffer

(2% FBS, 2mM EDTA in PBS) for further staining.

2.6 Flow cytometry staining and analysis

2.6.1 Surface staining

Samples were resuspended in 50 ul of SuperBlock (2% FBS, 5% rat serum, 5% mouse serum,
5% rabbit serum, 25 pug/mL anti-FcyR mAb in PBS) with a mix of surface antibodies and stained
during 30 minutes at 4° C in dark. Then, samples were washed twice with FACS buffer (2%
FBS, 2mM EDTA in PBS) and either, continue with intracellular staining or fixed in PBS
containing 1% paraformaldehyde (PFA). The fluorochrome labelled antibodies used for

staining are listed below.
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2.6.2 Intracellular staining

Cells were fixed and permeabilized using the Fixation/Permeabilization buffer
(Fixation/Permeabilization Concentrate diluted in Fixation/Permeabilization Diluent, both
from Thermo Fisher) during 25 minutes at 4° C. Samples were washed twice with
Permeabilization buffer (Thermo Fisher) and then intracellular stained in a mix of
Permeabilization buffer plus 10% SuperBlock with intracellular antibodies for 30 minutes at
4°C. Cells were then washed twice and resuspended in 150ul of FACS buffer and 10,000

counting beads in 50ul PBS were added prior to data acquisition.

Antigen Clone Conjugate Company Catalogue number ‘
4-1BB 17B5 Biotin ThermoFisher 13-1371-82
cD3 17A2 Brilliant™ Ultraviolet 737 BD Bioscience 564380
CcD3 17A2 Brilliant™ Violet 785 BioLegend 100232
CcD4 GK1.5 Brilliant™ Ultraviolet 496 BD Bioscience 564667
Ccb4 RM4-5 Brilliant™ Violet 510 BioLegend 100559
CD4 RM4-5 v500 BD Bioscience 560782
CD45 30-F11 Brilliant™ Ultraviolet 563 BD Bioscience 565710
CD8a 53-6.7 Brilliant™ Ultraviolet 805 BD Bioscience 564920
CD8a 53-6.7 Brilliant Violet 650 BioLegend 100742
CD8a 53-6.7 BV 650 BD Bioscience 563234
CD25 7D4 Alexa Fluor 660 ThermoFisher 50-0252-82
CD25 PC61.5 Biotin ThermoFisher  13-0251-85
CD25 7D4 FITC BD Bioscience 553071
CD25 PC61.5 Alexa Fluor 488 ThermoFisher 53-0251-82
CD4oL 24-31 PE BioLegend 12-1548-42
CTLA-4 UC10-4B9 Brilliant Violet 605 BioLegend 106323
CTLA-4 UC10-4B9 APC ThermoFisher 17-1522-82
FoxP3 FJK-16s Alexa Fluor 700 ThermoFisher 56-5773-82
FoxP3 FJK-16s eFluor 450 ThermoFisher 48-5773-82
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GITR DTA-1 APC ThermoFisher 17-5874-81
GITR DTA-1 BV510 BD Bioscience 740192
Granzyme B GB12 APC ThermoFisher MHGBO05
Granzyme B  GB12 PE ThermoFisher MHGBO04
ICOS C398.4A PE-Cy7 BioLegend 313520
Ki67 SolA 15 Alexa Fluor 700 ThermoFisher  56-5698-82
Ki67 SolA 15 eFluor4d50 ThermoFisher 48-5698-82
LAG3 C9B7W Brilliant Violet 650 BioLegend 125227
LAG3 C9B7W PE ThermoFisher 12-2231-82
NK1.1 PK136 Brilliant™ Ultraviolet 395 BD Bioscience 564144
NK1.1 PK136 Alexa Fluor 488 BioLegend 108718
0X-40 0OX-86 PE-Cy7 BioLegend 119415
0X-40 0OX-86 BV786 BD Bioscience 740945
PD-1 29F.1A12  PE-Dazzle™ 594 BioLegend 135228
PD-1 RMP1-30  PerCP-eFluor™ 710 ThermoFisher  46-9981-82
Streptavidin - Brilliant Violet 605 BioLegend 405229
Streptavidin - Brilliant Violet 711 BD Bioscience 563262
TIGIT GIGD7 PerCP-eFluor™ 710 ThermoFisher  46-9501-82
TIM-3 RMT3-23 PE BiolLegend 119704
Viability Dye - eFluor™ 780 ThermoFisher 65-0865-18

2.6.3 Quantification of tumour-infiltrating lymphocytes

The total number of infiltrating lymphocytes was calculated using counting bead as a

reference (Cell Sorting Set-up Beads (for UV lasers), by Thermo Fisher). The beads were added

prior to acquisition of the sample. The normalised number of lymphocytes per gram of

tumour was calculated using the following formula. As an example, the normalised number

of CD4* T-cells would be calculated as follow:

Normalised number CD4 = (

Acquired number CD4 * Beads added to sample

Acquired beads

1
) 7/ Tumour mass
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2.7 Molecular biology

2.7.1 Anti-ICOS 37A10 mAb and mouse ICOS sequences

The sequences of the variable regions of the heavy chain and light chain of the anti-ICOS
37A10 mAb were obtained from a US patent application from Jounce Therapeutics
(US20160304610A1) (Sazinsky et al., 2016). The consensus sequence of mouse ICOS was
obtained from NCBI database (NCBI Reference Sequence: NM_017480.2).

The sequences were purchased as a GBlock fragment (Integrated DNA Technologies) with

restriction sites for further enzymatic digestion.

The fragments of the heavy and light chain of anti-ICOS 37A10 antibody were amplified by a

PCR as explained below.

2.7.2 Fusion PCR

In order to modify the constant region of the antibody to the desire isotype a fusion PCR was
done using Phusion High-Fidelity DNA Polymerase and the Phusion HF Buffer (both from New
England Biolabs). Firstly, the variable region and the constant region are amplified separately.
The size of the fragments was confirmed by an agarose gel, and the DNA was extracted (see
section 2.7.3) to be used in the second step of the fusion PCR to generate the complete

sequences of the heavy and the light chain of the antibody.

First PCR step: each fragment

35.5 ulL ddH,0

10 uL Phusion HF Buffer 5X
1L dNTPs

0.5 uL Phusion Polymerase
1ul Forward primer

1ul Reverse primer

1uL Template
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Second PCR step: fusion of the fragments

120.75 uL | ddH,0

35 uL Phusion HF Buffer 5X

3.5uL dNTPs

1.75 uL Phusion Polymerase

3.5uL Forward primer

3.5uL Reverse primer

3.5uL Cleaned up PCR product 1

3.5uL Cleaned up PCR product 2
Programme

98 °C 2 minutes

98 °C 40 seconds

65 °C 40 seconds 35 cycles

72 °C 60 seconds/Kb of template

72°C 10 minutes

4°C oo

2.7.3 DNA gel extraction

DNA was extracted using QlAquick Gel Extraction Kit (Qiagen) according to manufacturer’s

protocol.

2.7.4 Restriction digestion and ligation

After the fusion PCR, the sequence of anti-ICOS 37A10 variable and constant region (either
mouse IgG1 for the heavy chain or kappa for the light chain) were enzymatically digested and
ligated into an expression plasmid. In the case of mouse ICOS, after amplification by PCR it

was directly digested and ligated into a plasmid.
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Restriction enzymes were obtained from New England Biolabs and used according to

manufacturer’s recommendations.

Diagnostic digestion

2 uL Buffer (depending of enzymes used)
1L DNA

0.5 puL Each enzyme

16 pL ddH,0

Incubate at 37° C for 1 hour.

Complete digestion of plasmid or PCR product

4 uL Buffer (depending of enzymes used)
30 pL DNA

1uL Each enzyme

4 uL ddH0

Incubate at 37° C for 4 hours.

Ligation reactions were done with T4 DNA Ligase and the T4 Ligase Reaction Buffer 10X (both

from New England Biolabs).

Ligation
1ul T4 Ligase
1L Buffer
4 uL Plasmid
4 uL Insert

Incubate at room temperature for 1 hour.
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2.7.5 Bacteria transformation

A vial of NEB5a chemically competent E. coli bacteria (New England Biolabs) was thawed on
ice, and 5 pL of ligation or cloning product was added without pipetting. After 30 minutes
incubation on ice, bacteria were heat shocked for 35 seconds at 42 °C and left another 30
minutes recovering in SOC medium at 37 °C. Bacteria were plated on a LB agar plate with

ampicillin (50 pg/mL) and incubated over night at 37° C.

2.7.6 DNA purification from bacteria

Single colonies were selected from LB agar plates and grown over night at 37° C, either in 3
mL (Minipreps) or 200 mL (Midipreps) of LB broth medium with ampicillin (50 pug/mL). After
centrifugation, plasmid DNA was purified using QiaPrep Spin Miniprep kit (Qiagen) or

NucleoBond Xtra Midi (Macherey-Nagel) respectively, following manufacturer’s protocol.

2.7.7 Transfection and virus production

HEK 293T were transfected using FUGENE 6 Transfection Reagent (Promega). Fugene was
added to plain RPMI medium and incubated for 5 minutes. Later DNA was added to Fugene-
RPMI mix, incubated another 15 minutes at room temperature and added drop-wise into HEK
293T plate. For anti-ICOS 37A10 heavy chain mlgG1 and anti-ICOS 37A10 light chain, HEK 293T
cells were co-transfected with two different plasmids containing either construct (heavy or
light chain) to produce a small amount of the antibody and check its binding by flow

cytometry, before outsourcing its production to Evitria AG (Switzerland).

For murine ICOS virus production after transfecting HEK293T cells with the plasmid containing
murine ICOS sequence, the supernatant was collected 48 and 72 hours after transfection and

snap freeze immediately for further use.
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470 pL Plain RPMI

30 uL Fugene

3.125 ug | Envelope plasmid pMD.G (just for virus production)

4.69 ug Gag-pol plasmid pPAX2 (just for virus production)

4.69 ug Retroviral construct

2.7.8 Transduction

For transducing Jurkat-NFAT.GFP cells to make them express murine ICOS, the cells were
cultured in a non-tissue culture treated plate previously coated with retronectin 25 pg/mL.
The viral supernatant was added to the cells and then were centrifuged without break (1000G,
40 minutes, 25°C) and incubate at 37° C. Cells were checked for transduction 7 days later by
flow cytometry. Cells expressing murine ICOS were electronically sorted and named Jurkat-

NFAT.GFP/mICOS.

2.8 CDA4O0L assay

Jurkat-NFAT.GFP/mICOS were activated with plate-bound 250 ng of anti-CD3 mAb (clone
OKT3) and either plate-bound isotype control, anti-ICOS mAb (clone C398.4A, used as a
positive control) or anti-ICOS mAb (clone 37A10). After 72 hours, cells were stained and the

levels of CD40L were measured by flow cytometry.

2.9 Data acquisition and analysis

Flow cytometry data was obtained using LSR-Fortessa analyser (BD Biosciences) and BD
FACSymphony™ (BD Biosciences). Electronic cell sorting was done with FACS Aria Ill sorter
(BD Biosciences). Flow cytometry data analysis was done with FlowJo v10.5.0. Fusion PCR was
designed with SnapGene 3.3.2. Flow cytometry data was also analysed using PhenoGraph

clustering using the pipeline Cytofpipev0.2.

Quantification of the area of H&E slides was done using NDP.view 2.3.
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Statistical analysis was performed with GraphPad Prism 6.0. Heatmapping was generated

using RStudio Desktop 1.0.44.
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3 Results: Testing anti-ICOS monoclonal antibody therapy in

mouse models of cancer

3.1 Introduction

3.1.1 Evidence for anti-ICOS mAb as a new immunotherapy target

ICOS is a co-stimulatory molecule expressed on the surface of activated T-cells. As a
member of the CD28 superfamily, it shares functional homology with CD28 and CTLA-4
(Hutloff et al., 1999). Whilst ICOS is upregulated on effector T-cells (CD4* FoxP3-and CD8* T-
cells) and Treg cells (CD4* FoxP3*) after T-cell activation, in the absence of inflammatory
stimuli Treg cells express higher levels of ICOS than effector T-cells, which is thought to be
driven by chronic (self)-antigen stimulation (Redoglia et al.,, 2018; Wikenheiser and

Stumhofer, 2016).

The different levels of expression of ICOS on effector and Treg cells has generated
different views on the role of this co-stimulatory receptor on the immune response to cancer.
Data obtained from the analysis of tumour infiltrating lymphocytes (TILs) in melanoma
patients clearly shows that ICOS is highly expressed on CD4*CD25* Treg cells, and that Treg
cells co-expressing ICOS (CD4*CD25*ICOS") have higher suppressive capacity than
CD4*CD25*ICOS'" regulatory T-cells (Strauss et al., 2008). Additionally, melanoma cells can
express ICOSL suggesting that tumours could subvert anti-tumour immunity by directly
activating ICOS* Treg cells, enhancing their suppressive activity (Martin-Orozco et al., 2010).
Furthermore, melanoma patients treated with high doses of IL-2 preferentially expanded
ICOS* Treg cells in the blood, which correlated with impaired clinical outcome (Sim et al.,
2014). On the other hand, another study identified a positive correlation between high level
of ICOS expression and improved survival in colorectal cancer (CRC) patients, unfortunately
they just described such population as CD4*ICOS*, being unable to distinguish between

effector or regulatory T-cells (Zhang et al., 2016).

Clinical data from a small pre-operative clinical trial evaluating the safety of
ipilimumab (anti-CTLA-4 hlgG1 mAb) showed increased frequency of CD4*ICOS* cells in the

tumour and peripheral blood from patients with urothelial carcinoma of the bladder (Carthon
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et al.,, 2010). Additionally, in a retrospective study of melanoma patients treated with
ipilimumab, the authors found that a persistent population of CD4*ICOS" T-cells in the blood
correlated with increased overall survival (Di Giacomo et al., 2013). Furthermore, the
CD4*ICOS* cells obtained from peripheral blood of bladder cancer patients treated with
ipilimumab produce IFNy in recognition of a tumour antigen (NY-ESO-1) presented by APCs
(Liakou et al., 2008). Breast cancer patients treated with tremelimumab (another anti-CTLA-
4 hlgG2 mAb) and NSCLC patients treated with chemotherapy and ipilimumab showed an
increased frequency of CD4*ICOS* and CD8*ICOS* in the periphery (Vonderheide et al., 2010;
Yi et al., 2017). This increase in the frequency of CD4*ICOS* has recently been suggested as a

potential pharmacodynamic biomarker of ipilimumab treatment (Ng Tang et al., 2013).

Further experiments in mouse models have primarily supported an activator role of
ICOS/ICOSL interactions in the context of cancer. Experiments carried out in the mouse
B16/BL6 melanoma model, showed that anti-CTLA-4 mAb treatment increased the frequency
of IFNy* tumour-reactive CD4*FoxP3°1COS* and CD8*ICOS* cells. Accordingly, mice deficient in
ICOS (ICOS™") or ICOSL (ICOSL7") failed to respond to anti-CTLA-4 mAb and GM-CSF-expressing
tumour cell vaccines (GVAX), demonstrating the critical role of the pathway in the context of
immunotherapy (Fu et al., 2011). In addition, experiments combining anti-CTLA-4 mAb with
tumour cell-based vaccines engineered to express ICOSL (IVAX) in B16.F10 tumours, showed
that the combination therapy significantly improved survival and tumour rejection when

compared with anti-CTLA-4 mAb monotherapy (Fan et al., 2014).

Together, these data underscore the relevance of the ICOS pathways as a potential
target to enhance the activity of the immune response against cancer and highlight the need
to develop new means to deliver activating signals via ICOS and to evaluate its potential

synergy with other therapeutic modalities

3.1.2 ICOS as a current clinical target

In the context of cancer immunotherapy, ICOS has become an important target to be
studied and tested. There are currently three different clinical trials targeting ICOS as a

therapy for different types of cancer (NCT02520791, NCT02723955, NCT02904226), and a
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fourth trial is soon to begin in a collaboration between Kymab and Roche by 2019 (Kymab

News Release, 2018).

The first anti-ICOS monoclonal antibody (mAb) developed as a therapy was MEDI-570
mAb by Medimmune. It was developed as an antagonistic fully human afucosylated 1gG1k
monoclonal antibody with enhanced ADCC activity, designed to deplete auto-reactive ICOS*
T-cells found in patients with the autoimmune disease Systemic Lupus Erythematosus
(NCT01127321) (Nicholson et al., 2017). Even though that clinical trial was terminated due to
business reasons (NCT01127321), MEDI-570 antibody is currently in a new clinical trial
sponsored by the NCI (National Cancer Institute, USA). In this new phase | clinical trial
(NCT02520791), which is currently recruiting patients, anti-ICOS MEDI-570 mAb is being
tested as a treatment for patients with relapsed or refractory Peripheral T-cell Lymphoma and
angioimmunoblastic T-cell Lymphoma. The aim of this trial is to target ICOS expressed on T-
cells by blocking the interaction with ICOSL expressed by plasmacytoid dendritic cells (pDCs),
thereby avoiding the proliferation and accumulation of Tregs in the tumour and the secretion
of IL-10 by CD4"* cells, allowing cytotoxic function of T-cells in the absence of Treg suppression,

a phenomenon observed in breast cancer (Faget et al., 2013, 2012).

Currently, MEDI-570 is the only anti-ICOS antibody in development that has an
antagonistic function and that is being tested in clinical trials. The current consensus in
developing an agonistic anti-ICOS mAb relies on the hypothesis that an agonistic antibody
may trigger the co-stimulatory activity of ICOS on effector T-cells, promoting T-cell activation

and tumour control.

In accordance with this concept, GlaxoSmithKline (GSK) is running an open label
clinical trial testing its GSK3359609 anti-ICOS antibody for solid tumours as a monotherapy or
in combination with pembrolizumab (anti-PD-1) in the INDUCE-1 trial (NCT02723955).
GSK3359609 is a humanised IgG4 non-depleting isotype, selected based on its potent
agonistic activity against human ICOS (Angevin et al., 2017). This phase | study which aims to
evaluate safety of GSK3359609 is now recruiting patients with relapse or refractory solid
tumours. The first dose escalation studies as monotherapy were completed without dose
limiting toxicities (Angevin et al., 2017). The hypothesis behind the INDUCE-1 trial is to
promote the activity of T-cells associated with clinical benefit, without depleting them. One
potential concern with this approach is that Treg cells found in the tumour normally express
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high levels of ICOS (Strauss et al., 2008), hence an agonistic anti-ICOS mAb might promote the

activation and suppressive function of ICOS* Treg cells.

A third open label clinical trial testing an anti-ICOS mAb is the ICONIC trial. Lead by
Jounce Therapeutics, the ICONIC trial aims to test JTX-2011 mAb, an agonistic human IgG1
anti-ICOS mAb with additional depleting activity, as a monotherapy and in combination with
anti-PD-1 mAb in patients with advanced or refractory solid tumours (NCT02904226).
Recently, the study added a new treatment arm aiming to test another group of patients with
anti-CTLA-4 mAb and JTX-2011 mAb (NCT02904226). The rationale for designing an agonistic
anti-ICOS mAb with additional depleting activity is based on prior work on anti-CTLA-4 mAb.
Experiments with anti-CTLA-4 mAb demonstrated that, based on the high levels of CTLA-4 on
Treg cells and low levels on effector T-cells, the antibody can preferentially deplete Treg cells
whilst at the same time block the inhibitory activity of CTLA-4 on effector T-cells (Simpson et
al., 2013; Arce Vargas et al., 2018; Bulliard et al., 2013). In the same manner, based on the
high levels of ICOS on Treg cells compared to effector CD4* and CD8* T-cells, an anti-ICOS
human IgG1 mAb should deplete ICOS" Treg cells (by ADCC) whilst delivering activating signals
to effector CD4* and CD8* T-cells expressing lower levels of ICOS. The first results of this phase
I/1I trial were presented recently, leading to the modification of the trial to include another
condition evaluating the combination of JTX-2011 with ipilimumab (anti-CTLA-4 mAb) as one
of the tested treatments (Yap et al., 2018). The addition of anti-CTLA-4 mAb treatment in
combination with JTX-2011 in the trial was motivated by the lack of clinical benefit observed

in the trial of the JTX-2011 Ab alone or in combination with nivolumab.

The fourth anti-ICOS antibody is being developed by Kymab, the KY1044 mAb, is yet
to be tested in the clinic. Similar to Jounce’s JTX-2011, KY1044 is also a hlgG1k agonistic anti-
ICOS mAb with depleting activity. Kymab’s pre-clinical data shows promising results of KY1044
in combination with anti-PD-L1 mAb in vivo (Sainson et al., 2018a), and a clinical trial in
collaboration with Roche is due on 2019, as announced by a recent press release (Kymab

News Release, 2018).
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3.2 Rationale and aims

Although a lot of clinical and commercial interest has been developed around the
ICOS/ICOSL pathway, there is still a lack of understanding on how this pathway affects T-cell
function and anti-tumour immunity. Moreover, there is no consensus whether the more
appropriate method for targeting this pathway is a depleting or a non-depleting activity, nor
if an agonistic or an antagonistic function should be preferred The development of anti-ICOS
antibodies that promote ADCC for the elimination of Treg may be risky, because the antibody
could also target and eliminate highly activated CD4* and CD8* effector T-cells expressing high
levels of ICOS on their surface. This observation becomes especially important when trials are
starting to recruit patients to be treated with combination anti-CTLA-4 mAb and anti-ICOS
mADb, as it has been previously shown that anti-CTLA-4 mAb increases ICOS expression on
activated effector T-cells and that the presence of ICOS* T-cells is associated with clinical

benefit in patients treated with anti-CTLA-4 mAb (Vonderheide et al., 2010; Yi et al., 2017).

In order to prevent potential depletion of ICOS" effector T-cells, we hypothesised that
an agonistic non-depleting anti-ICOS mAb would be the best strategy to deliver maximal anti-
tumour activity in vivo, especially in combination with Treg depleting agents such as anti-

CTLA-4 mAb. Therefore, the aims of this project were:

1. To develop an assay to determinate the agonistic function of anti-ICOS antibodies.

2. To characterise the pattern of expression of ICOS on tumour infiltrating lymphocytes
in different mouse models of cancer.

3. To test the anti-tumour efficacy of depleting and non-depleting anti-ICOS mAb
isotypes.

4. To evaluate the anti-tumour efficacy of different isotypes of anti-ICOS mAb in
combination with anti-PD-1 mAb and anti-CTLA-4 mAb.

5. To describe the impact of anti-ICOS mAb in the tumour microenvironment to

understand mechanisms underpinning response and resistance.
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3.3 Anti-ICOS 37A10 clone has agonistic activity in vitro

Since the aim of this work was to test and promote the agonistic function of anti-ICOS
mADbs in vivo, the first objective was to design an assay to test the agonistic activity driven by
ICOS stimulation on T-cells. As ICOS stimulation has been associated with the expression of
CD40L on T-cells (McAdam et al., 2001), the expression of CD40L was used as a readout. To
generate an assay to evaluate CD40L expression, Jurkat cells (Jurkat-NFAT.GFP cells), used as
a reporter for NFAT signalling, were transduced to express mouse ICOS (mICOS) constitutively
on their surface. To validate the assay, Jurkat-NFAT.GFP/mICOS cells were activated with
plate-bound anti-CD3 (OKT3 clone) mAb and increasing concentrations of plate-bound anti-
ICOS mADb as a positive control (C398.4A clone, a commercially available agonistic antibody),
or isotype control. After 72 hours of activation, the frequency of CD40L* was analysed by flow
cytometry. The difference in the percentage of CD40L* cells between the anti-ICOS mAb-
treated versus isotype control was plotted for every concentration tested. As shown in Figure
3.1A, plate-bound anti-ICOS mAb increases the frequency of CD40L* Jurkat cells in a dose-
dependent manner, demonstrating that the assay is suitable to measure agonistic activity of
unknown anti-ICOS antibodies. The assay was also performed with soluble anti-ICOS mAb, but

no CD40L* upregulation was observed (Supplementary figure 7.1A).

The sequence of the variable region of the cross-reactive mouse and human anti-ICOS
mAb (clone 37A10) was obtained from a patent application publicly available (Sazinsky et al.,
2016). The variable region of the heavy chain was cloned into a mouse IgG1 and IgG2a
backbone, while the variable region of the light chain was cloned into a kappa (k) chain.
Expression plasmids carrying the heavy and light chain of the 37A10 anti-ICOS antibody were
used to transfect HEK293T cells and the supernatant containing the anti-ICOS mAb was

recovered and concentrated.
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Figure 3.1. Anti-ICOS monoclonal antibody 37A10 exhibits agonistic activity in vitro.

(A) Jurkat cells transduced to constitutively express mouse ICOS and NFAT.GFP reporter were
activated with a combination of plate-bound anti-CD3 mAb clone OKT3 (250 ng) and
increasing concentrations of isotype control or anti-ICOS (clone C398.4A) mAb. After 72
hours, cells were stained and the levels of CD40L were measured by flow cytometry. The
difference in the frequency of CD40L* cells between the anti-ICOS treatment and the isotype
controls versus the logarithm of the concentration are shown. Representative graph of two
independent experiments. (B) Activated splenocytes were stained with a commercial (clone
C398.4A) or the tested (clone 37A10) anti-ICOS antibody to check the binding of the 37A10
clone. (C) Jurkat cells, as above, were activated with plate-bound anti-CD3 (OKT3) mAb plus
20ug/mL isotype control, anti-ICOS (clone C398.4A) mAb or anti-ICOS (clone 37A10) mAb.
Cells were stained and CD40L frequency was evaluated by flow cytometry. Representative
plots from three independent evaluations.
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To test the binding of the anti-ICOS mAb, splenocytes were activated for 16 hours with
800 ng/mL of Concanavalin A (ConA) plus 1 pg/mL of IL-7 to increase the expression of ICOS
on the cell surface. The 37A10 anti-ICOS mAb binds to ICOS, detecting a similar frequency of
ICOS* cells that the commercial anti-ICOS (clone C398.4A) mAb on activated splenocytes
(Figure 3.1B). After confirming the binding of the 37A10 anti-ICOS mAb, the agonistic function
was tested with the established assay as outlined above. Plate-bound anti-CD3 mAb together
with plate-bound anti-ICOS mAb or isotype control were used as shown in Figure 3.1C. The
37A10 anti-ICOS mAb showed to have an increased agonistic activity when compared with
the C398.4A anti-ICOS mAb. On the contrary, when the assay was performed with plate-
bound anti-CD3 and soluble anti-ICOS mAb, no upregulation of CD40L was observed
compared with the isotype control (Supplementary figure 7.1A). Taken together this data

validates the binding and agonistic function of the 37A10 anti-ICOS mAb in vitro.

3.4 ICOS is highly expressed on tumour infiltrating regulatory T-cells

To evaluate the expression of ICOS in different murine cancer models, BALBc or
C57BL/6 mice were injected in the flank with the tumour cell lines CT-26 (colon carcinoma),
MCA-205 (fibrosarcoma) or CMT-167 (lung carcinoma), respectively. After 11 days, the levels
of ICOS were evaluated in draining lymph nodes (LNs) and tumour infiltrating lymphocytes
(TILs) by flow cytometry. A very small frequency of effector CD8* and CD4*Foxp3™ T-cells
expressed ICOS in the draining LNs of tumour bearing mice, whereas approximately 30% of
regulatory T-cells (Tregs) expressed ICOS (Figure 3.2A). On the contrary, the frequency and
level of expression of ICOS was increased for all the infiltrating T-cell subsets in the tumour
microenvironment, although at different levels depending on the tumour type. Whilst both
frequency and level of ICOS expression where increased in tumour infiltrating T-cells,
regulatory T-cells (Tregs) remained as the population expressing the highest levels of this

receptor (Figure 3.2A).
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Figure 3.2. CD25, CTLA-4 and ICOS are highly expressed on tumour infiltrating regulatory T-
cells.

C57BL/6 and BALBc mice were injected subcutaneously with the tumour cell lines MCA-205
or CMT-167 and CT-26, respectively. After 11 days the tumours and draining LNs were
collected and processed into a single cell suspension. Cells from LN and infiltrating T-cells
(TILs) were stained and evaluated by flow cytometry. (A) Representative histograms showing
the expression of ICOS on regulatory, effector CD4* and CD8* T-cells found in draining LNs and
TILs. The number indicates the frequency of ICOS* cells. (B) MFI (median fluorescence
intensity) fold-increase normalised to the MFI of CD8* from LN of the indicated co-inhibitory
or co-stimulatory molecule in the three different T-cell subsets evaluated. (C) Heatmap
showing the frequency of co-inhibitory and co-stimulatory molecules expressed by three
different T-cells subsets in the tumour. Horizontal bars represent the mean, errors bars shown
+ standard error of the mean (SEM). p values were calculated using non-parametrical analysis
Kruskal-Wallis test. ns = p > 0.05, *p < 0.05, **p <0.01, ***p <0.001, **** P <0.0001.
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Of relevance, almost all the Treg cells in the tested tumour models expressed ICOS,
but also the frequency of effector CD4* and CD8* T-cells expressing ICOS is very high in the
tumour. This high ICOS frequency of expression suggests that using anti-ICOS mAb in a
depleting isotype to eliminate Treg cells in the tumour may also deplete effector T-cell
subsets, given their high frequency and level of expression of ICOS. As Treg depletion in the
tumour (by targeting CTLA-4 or CD25 through the use of depleting antibodies) has shown
effectivity as a strategy to promote tumour rejection (Arce Vargas et al., 2018, 2017), the level
of expression (measured as MFI) of common receptors expressed on Treg cells were
compared between the different T-cell subsets in the TILs and draining LN after being
normalised as fold-increase relative to the MFI of CD8* T-cells in the draining LN (Figure 3.2B).
The level of expression of CD25 is very low on effector CD4* and CD8* cells in draining LN and
TILs, whereas on Treg cells the MFI can be up to six times higher than the other T-cell subsets
within the tumour. Higher level of expression of CTLA-4 was also observed on Tregs infiltrating
the tumour compared with the other T-cell populations. The trend is similar for ICOS in the
two evaluated models of cancer, showing the highest MFI in tumour infiltrating Treg cells
(Figure 3.2B). However, when comparing the frequency of expression of those markers it
becomes clear that using ICOS as a target for Treg depletion may be challenging due to its
expression pattern on tumour infiltrating effector T-cells. A heatmap was produced to
illustrate the frequency of expression of different immune co-stimulatory and co-inhibitory
molecules between the three main T-cell subsets (Figure 3.2C). The frequency and levels of
expression of CD25 and CTLA-4 on CD4* and CD8* T-cells are very low when compared to Treg,
whilst ICOS expression is high in both effector populations. Therefore, it can be hypothesised
that using an anti-ICOS mlgG2a mAb in the same manner that anti-CTLA-4 mAb or anti-CD25
mAb has been used by various authors (Arce Vargas et al., 2018, 2017; Simpson et al., 2013;
Du et al., 2018; Tang et al., 2018) could lead to depletion of effector T-cells together with Treg
cells. For this reason, it was hypothesised that the human IgG1 isotype (with depleting
activity) chosen for the clinical anti-ICOS mAb (JTX-2011) from Jounce Therapeutics may not

be the best isotype.
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3.5 Anti-ICOS and anti-PD-1 combination therapy fails to provide

benefit in mouse models of cancer

We next sought to determine whether agonistic anti-ICOS mAb with a depleting
mlgG2a isotype were able to drive tumour control as a single agent or in combination with
anti-PD-1 blocking antibodies. As the current clinical trial by Jounce is evaluating the
combination of anti-ICOS mAb depleting isotype with anti-PD-1 mAb therapy, this
combination was the first tested in our different preclinical models. Mice were injected with
one of four different cell lines (CMT-167, CT 26, MCA 205 or MC 38) in the flank and after
developing palpable tumours, mice were treated with three doses of anti-ICOS mlgG2a mAb
(anti-ICOSm?2a), anti-PD-1 ratlgG2a mAb (anti-PD-1r2a) or a combination of both antibodies.
Individual tumour growth curves were drawn for every treatment tested in all four different
models (Figure 3.3A). Anti-ICOS mAb and anti-PD-1 mAb either as single agents or as
combination failed to promote tumour control in CMT 167, CT26 and MC38 mouse models
(Figure 3.3A). The results with anti-PD-1 were expected as these models are known to be
resistant to anti-PD-1 mAb. However, the lack of response of the agonist anti-ICOSm2a
contradicts the data presented by Jounce and Kymab with anti-ICOS mAbs of similar isotypes
(Sainson et al., 2018a; Yap et al., 2018). In the case of the chemically induced MCA 205
fibrosarcoma model, a partial increase in the survival was observed with anti-PD-1 mAb
monotherapy as measured by median overall survival and, although not statistically

significant, anti-ICOSm2a mAb tends to revert this response (Figure 3.3B).

Based on the high levels of ICOS expression observed on tumour-infiltrating effector
T-cells (Figure 3.2), we hypothesised that the depleting activity of the anti-ICOSm2a mAb is
preventing its activity as a single agent and, most importantly, even existing a prohibitive

effect on the efficacy of anti-PD-1 mAb therapy.
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Figure 3.3. Combination of anti-PD-1 mAb with anti-ICOSm2 mAb does not provide anti-
tumour protection.

C57BL/6 and BALBc mice were injected subcutaneously with the tumour cell lines CMT-167,
MCA 205 and MC 38 (C57BL/6) or CT-26 (BALBc). Five mice per group were treated on day 6,
9 and 12 with 100 pg of anti-ICOSm2a mAb, 200 pg of anti-PD-1 r2a mAb or a combination of
both as indicated. (A) Individual tumour growth curves for different mouse models of cancer
and treatment conditions. Numbers show the fraction of mice with complete long-term
response. (B) Kaplan-Meier curves demonstrating survival of mice that were given different
treatment regimens, as described above.
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Since the MCA 205 sarcoma model showed a partial response to anti-PD-1 mAb, it was
used to test and compare the two different isotypes of the 37A10 anti-ICOS mAb. As
previously, mice were injected subcutaneously with MCA 205 cells and after the
establishment of palpable tumours in the flank, mice were treated with three doses of anti-
PD-1 mAb, anti-ICOS mAbs or their combination. Individual tumour growth curves are showed
in Figure 3.4A. We observed no differences in tumour growth between untreated mice and
mice treated with either anti-ICOSm2a mAb (depleting) and anti-ICOSm1 mAb (non-
depleting). The individual curves of tumour growth between mice treated with anti-PD-1 mAb
and mice treated with a combination of anti-PD-1 mAb and both anti-ICOS mAb isotypes are
similar, showing an initial reduction in the tumour size after the initiation of treatment
followed by a subsequent relapse (Figure 3.4A). Overall, there is no benefit in the tumour
growth and survival of mice treated with any of the therapies tested (Figure 3.4B). Whilst the
lack of synergy with combination of anti-ICOSm2a mAb and anti-PD-1 mAb was expected due
to potential depletion of activated ICOS" effector T-cells, the lack of activity of anti-ICOSm1
mAb with anti-PD-1 mAb was surprising, as we hypothesised that this isotype could drive
primary agonistic activity on ICOS* effector T-cells in absence of depletion, hence allowing

adequate activation and accumulation of effector T-cells within tumours.

Furthermore, the similar results between the combination of anti-PD-1 mAb with either
anti-ICOSm1 mAb or anti-ICOSm2a mAb, highlights the need for further understanding of the

impact of these antibodies in the immune TME.
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Figure 3.4. Combination of anti-PD-1 mAb with anti-ICOS mAb antibodies does not provide
a therapeutic effect.

C57BL/6 mice were injected subcutaneously with 500,000 MCA-205 cells. Mice were treated
on day 6, 9 and 12 with 100 pg of anti-ICOSm1 mAb, 100 pg anti-ICOSm2a mAb, 200 ug anti-
PD-1 mAb or a combination of treatments as indicated. (A) MCA-205 tumour growth in
individual C57BL/6 mice in each group. Numbers show the fraction of mice with complete
long-term response. (B) Kaplan-Meier curves demonstrating survival of mice that were given
different treatment regimens, as described above.
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3.6 Anti-ICOS antibodies do not synergise with the anti-tumour

effect of anti-PD-1

Whilst our data clearly demonstrated a lack of in vivo efficacy of anti-ICOS mlgG2a
mAb, data from Jounce Therapeutics (US20160304610A1) obtained with the same anti-ICOS
(clone 37A10) mAb showed tumour protection in combination with anti-PD-1 mAb (Sazinsky
et al., 2016). Hence, we repeated our experiment with exactly the same treatment regimen
as reported by Jounce. For this reason, BALBc mice were injected in the flank with the colon
carcinoma cell line CT-26 and after 3 days, prior to the tumours being palpable, mice received
the first of four doses of antibody treatment. Tumours were measured and mice were

sacrificed when the tumour sizes reached the humane endpoint.

The individual tumour growth of each mouse treated with the different therapies
tested is presented in Figure 3.5A. Mice treated with monotherapy anti-ICOS mAb isotype
mlgG1 or mlgG2a were unable to effectively control tumour growth when compared with
untreated mice. Interestingly, unlikely to what was shown in Figure 3.4, anti-PD-1 mAb
therapy alone increased survival and tumour control in seven out of 20 mice treated, when
the therapy started at an earlier time point (day 3 versus day 6). The partial response to anti-
PD-1 mAb therapy in the CT26 model when the therapy started earlier is consistent with the

preclinical data from Jounce with the same anti-ICOS (37A10) clone (Sazinsky et al., 2016).

Moreover, mice treated with anti-PD-1 mAb monotherapy or in combination with
anti-ICOSm2a mAb showed a similar pattern of control and progression, with tumour size
being stable until 28 days after termination of the therapy, followed by a relapse in two mice
of each condition (Figure 3.5A). Interestingly, when anti-PD-1 mAb was combined with anti-
ICOSm1 mAb, 13 of 20 mice were able to control the tumour growth up to 35 days after
tumour injection. Three of those 13 mice had their tumours relapsing. The median survival of
untreated, anti-ICOSm1 mAb and anti-ICOSm2a mAb treated mice was 22, 25 and 21 days,
respectively; confirming the lack of efficacy of anti-ICOS mAb monotherapy also in an early
start treatment set up (Figure 3.5B). On the contrary, the median survival for anti-PD-1 mAb
therapy, anti-PD-1 mAb co-therapy with anti-ICOSm1 mAb or anti-ICOSm2a mAb was 44, 82.5
and 29.5 days for each of the conditions, showing that starting anti-PD-1 mAb therapy early

in this model promotes a survival benefit (Figure 3.5B).
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It is important to note that the benefit obtained upon combination of an anti-PD-1
mAb with anti-ICOSm1 mAb trends towards a synergistic rather than additive effect (as anti-
ICOSm1 mAb does not provide protection by itself), even though no significant differences
were observed between anti-PD-1 mAb alone and combination of anti-PD-1 mAb plus anti-
ICOSm1 mAb. In general, the combination of anti-PD-1 mAb with anti-ICOSm2a mAb
appeared to worsen the median survival of mice when compared with anti-PD-1 mAb alone
and the survival of mice treated with the combination of anti-PD-1 mAb plus anti-ICOSm2a

mAb was significantly worse than combination of anti-PD-1 mAb with anti-ICOSm1 mAb.

These results showed no significant improvement between anti-PD-1 mAb
monotherapy and combination of anti-PD-1 mAb with anti-ICOSm1 mAb. Additionally,
combination of anti-PD-1 mAb and anti-ICOSm2a mAb worsened the effect of anti-PD-1 mAb

monotherapy in a setting previously described as synergistic (Sazinsky et al., 2016).
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Figure 3.5. Combination of anti-PD-1 mAb with anti-ICOS mAb does not improve the
therapeutic effect of anti-PD-1 mAb alone.

BALBc mice were injected subcutaneously with the tumour cell CT-26. Mice were treated on
day 3, 6, 9 and 12 with 160 pg of anti-ICOSm1 mAb, anti-ICOSm2a mAb, anti-PD-1 mAb or a
combination of treatments as indicated. Results of two independent experiments using 10
mice per condition (A) CT-26 tumour growth in individual BALBc mice in each group. Numbers
show the fraction of mice with complete long-term response. (B) Kaplan-Meier curves
demonstrating survival of mice that were given different treatment regimens, as described
above. ns = p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, **** P < 0.0001 log-rank test.
Combined result from two independent experiments with 10 mice per condition.

3.7 Anti-ICOS antibodies deplete tumour infiltrating T-cells

regardless of isotype

The depleting activity of anti-ICOSm2a mAb was hypothesised to be one of the reasons
behind the deleterious effects in survival potentially due to depletion of ICOS" activated
effector T-cell subsets present in the tumour. To test this hypothesis, we evaluated the TME
of mice treated with anti-ICOSm1 mAb or anti-ICOSm2a mAb in the CT 26 model. Mice were
injected with the CT-26 tumour cell line as before and received two doses of anti-ICOSm1
mAb or anti-ICOSm2a mAb antibody. To evaluate the direct effect of the therapy in the
tumour microenvironment, 48 hours after the last dose mice were euthanised and draining
LNs and tumour-infiltrating lymphocytes were analysed by flow cytometry. The normalised

number of total tumour-infiltrating T-cells to the mass of tumour was evaluated and it was
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observed that in anti-ICOSm2a mAb treated mice the number of regulatory T-cells was
significantly lower than in untreated mice. Furthermore, as hypothesised, the number of
effectors CD4*FoxP3 and CD8* T-cells was also decreased, confirming that a depleting isotype
may not be the best approach. Surprisingly, anti-ICOSm1 mAb treatment also promoted both
Treg and effector T-cell depletion within the tumour, however, the elimination of Treg and
activated T-cells by anti-ICOSm1 mAb isotype was to a lower extent than anti-ICOSm2a mAb
isotype (Figure 3.6A). Importantly, when anti-ICOSm2a mAb was used, Treg cells were almost
completely eliminated from the tumour, leading to an increased CD4* effector/Treg and
CD8*/Treg ratio in the tumour, but not in draining LNs. Furthermore, anti-ICOSm1 mAb
treatment also promoted a partial increase in these ratios in the tumour, albeit not
statistically significant (Figure 3.6B). The data showing the elimination of tumour infiltrating
CD4* and CD8* T-cells without variations in draining LNs by the two anti-ICOS antibodies, is

shown by representative dot plots in Figure 3.6C and D.

Even though the depletion of Treg and effector CD4* and CD8* cells was hypothesised
for anti-ICOSm2a mAb isotype due to the high levels and frequency of expression of ICOS on
T-cells in the tumours (Figure 3.1), the reduction in frequency and number of regulatory T-
cells and effector T-cells by the non-depleting anti-ICOSm1 mAb antibody was unexpected
and needed further investigation. The reduction of the number of infiltrating T-cells in the
tumour by both anti-ICOS mAb treatments regardless of the isotype, may explain the lack of
therapeutic effect of both anti-ICOS antibodies as monotherapy and the mild benefits in

survival when combined with anti-PD-1 mAb as monotherapy, as previously shown.
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Figure 3.6. Anti-ICOS antibodies deplete tumour infiltrating T-cells regardless of the isotype.

BALBc mice were injected subcutaneously with CT-26 cells. Mice were treated on day 6 and 8
with 160 pg of anti-ICOSm1 mAb or anti-ICOSm2a mAb and were euthanized on day 10. Single
cell suspension of draining LNs and tumour-infiltrating lymphocytes (TILs) were stained by an
optimized panel of monoclonal antibodies and evaluated by flow cytometry. (A) Total number
of T-cells found in the tumour, normalised to the tumour weight. (B) Ratio between CD8* T-
cells or CD4* effector T-cells relative to regulatory T-cells in the tumour and in the draining
LNs. Representative dot plot showing the frequency of (C) regulatory T-cells and CD4"* effector
T-cells from total CD3* CD4* cells in the TILs and draining LNs and (D) CD8* T-cells from total
CD3* cells in the TILs and draining LNs. Horizontal bars represent the mean, errors bars shown
+ standard error of the mean (SEM). p values were calculated using non-parametrical analysis
Kruskal-Wallis test. ns = p > 0.05, *p < 0.05, **p <0.01, ***p <0.001, **** P <0.0001. Results
from one experiment with 5 mice per condition.
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3.8 Lower concentrations of anti-ICOS migG1 isotype also eliminate

regulatory T-cells

A possible mechanism for anti-ICOSm1-mediated elimination of T-cells in the tumour
was hypothesised to be due to the fact that migG1 of the antibody is also able to bind to
activating Fcy receptors (FcyRs) due to the high amount of antibody being available. To test
this hypothesis, mice were injected subcutaneously with CT 26 cells and treated with
decreasing doses of anti-ICOSm1 mAb six and nine days after tumour injection, and TILs and
draining LN were recovered after 48 hours of the last antibody injection. There was no
significant difference in the number of CD45* cells in the tumour between the three
concentrations tested, although the smallest concentration tested (10 pg anti-ICOSm1 mAb)

was correlated with a lower number of cells in the tumour.

Importantly, the normalised number of Treg cells was significantly reduced in all the
concentrations of anti-ICOSm1 mAb tested in the tumour (Figure 3.7A). Moreover, the
normalised number of CD4* effector (CD4*FoxP3°) and CD8* T-cells remained similar between
the isotype control and the higher concentrations of anti-ICOSm1 mAb tested (160 pg and 50
ug) but significantly dropped when 10 pg anti-ICOSm1 mAb was used (Figure 3.7A). On the
other hand, whilst the total number of Treg in the draining LN was significantly lower just at
10 pg of anti-ICOSm1 mAb, the total number of effector CD4* or CD8* T-cells remained
without changes (Figure 3.7B). The reduction of total Treg cells led to increased ratios in the

tumour and no changes in the draining LNs (Figure 3.7C).

Taken together, these results show that lowering the amount of anti-ICOSm1 mAb
therapy does not prevent the elimination of Treg cells in the tumour, whilst it also eliminates

activated effector T-cells, although to a lesser extent.
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Figure 3.7 The anti-ICOS-migG1 mAb antibody depletes T-cells in the tumour at different
concentrations.

BALBc mice were injected subcutaneously with CT-26 cells. Mice were treated on day 6 and 9
with 160 pg of mouse-IgG1 isotype control or different doses of anti-ICOSm1 mAb. On day 11,
mice were euthanized, and a single cell suspension was obtained from draining LNs and
tumour-infiltrating lymphocytes (TILs). The cells were stained and evaluated by flow
cytometry. (A) Total number of CD45* and different subsets of T-cells found in the tumour,
normalised to the mass of tumour. (B) Total number of CD45* and different subsets of T-cells
found in the draining LNs. (C) Ratio between CD8* T-cells or CD4* effector T-cells relative to
regulatory T-cells in the tumour (TILs) and draining LNs. Horizontal bars represent the mean,
errors bars shown # standard error of the mean (SEM). p values were calculated using non-
parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p < 0.05, **p <0.01, ***p < 0.001,
**** P <0.0001. Results from one experiment with 5 mice per condition.
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3.9 Elimination of T-cells after anti-ICOS migG1 treatment persists

in the absence of activating FcyR

To test whether the depleting activity observed under anti-ICOSm1 mAb therapy is by
a non-canonical activating FcyR engagement, FcyR” mice in a C57BL/6 background were used
(Takai et al., 1994). FcyR” mice, also known as Fcer1g”- mice, do not express activating FcyR
(I, 1N and 1V), but maintain the expression of the inhibitory FcyRIlb, which engage
preferentially to mouse IgG1. Wild-type (WT) and FcyR” mice were injected with MCA 205
cells in the flank and received two doses of anti-ICOSm1 mAb. Additionally, one group of FcyR"
- mice received concomitantly with anti-ICOSm1 mAb two doses of the blocking anti-
CD16/CD32 mADb, to avoid the interaction within immunoglobulin migG1 and the FcyRllb

(CD32), the only FcyR expressed by FcyR7- mice.

As previously shown, anti-ICOSm1 mAb treatment increased CD8*/Treg ratio and
CD4*effector/Treg ratio in the tumour compared to the untreated condition in WT mice.
When the same therapy was given to FcyR”" mice the ratios remained comparable to WT
untreated condition. Importantly, there was no change observed in the ratios in the draining
LNs, as showed before in this work (Figure 3.8A). Also, the frequency of regulatory T-cells
from total CD3* TILs significantly decreased in mice treated with anti-ICOSm1 mAb, and the

reduced frequency was reverted in FcyR”- mice (Figure 3.8B).

No changes in the frequency of effector CD4* or CD8* T-cells from total CD3* were
observed in the tumour, and accordingly to previous data in this thesis (Figure 3.6C and D),
no changes in the frequency of T-cell populations were detected in the draining LNs for any

of the three T-cell subsets evaluated (Figure 3.8).
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Figure 3.8. Reduced frequency of regulatory T-cells after anti-ICOS-migG1l antibody
treatment in the tumour is partially reverted in the absence of FcyR.

C57BL/6 and FcyR”- mice were injected subcutaneously with MCA 205 cells. Mice were
treated on day 6 and 9 with 160 pg anti-ICOS mlgG1 mAb or with a combination of 160 pg
anti-ICOS mlgG1 mAb plus 200 pg anti-mCD16/CD32-rlgG2b mAb (clone 2.4G2). On day 11,
mice were euthanized, and a single cell suspension was obtained from draining LNs and
tumour-infiltrating lymphocytes (TILs). The cells were stained and evaluated by flow
cytometry. (A) Ratio between CD8* T-cells or CD4* effector T-cells relative to regulatory T-
cells in the tumour (TILs) and draining LNs. (B) Frequency of CD4*FoxP3*, CD4*FoxP3* and
CD8* T-cells from total CD3* cells. Horizontal bars represent the mean, errors bars shown +
standard error of the mean (SEM). p values were calculated using non-parametrical analysis
Kruskal-Wallis test. ns = p > 0.05, *p <0.05, **p <0.01, ***p <0.001, **** P <0.0001. Results
from two independent experiments using 5 mice per condition.

However, when the total normalised number of TILs was evaluated, we observed that
the reduction on the number of Treg, CD4* effector and CD8* T-cells driven by anti-ICOSm1
mAb treatment in WT mice is maintained in FcyR”- mice even in the presence of anti-
CD16/CD32 blocking antibody used to prevent the crosslinking of the anti-ICOSm1 mAb in
vivo (Figure 3.9A). Whilst the total number of CD45* remained with no significant difference
between untreated WT mice, anti-ICOSm1 mAb treated WT mice and anti-ICOSm1 mAb
treated FcyR7" mice, a reduction was observed in FcyR7- mice treated with anti-ICOSm1 and
anti-CD16/CD32 mAb (Figure 3.9A). On the other hand, no significant difference was obtained
in the total number of CD457 cells and the three populations of T-cells between the groups in

draining LNs (Figure 3.9B).

Altogether, our data suggests that anti-ICOS mlgG1 isotype promotes elimination of
tumour infiltrating T-cells in an FcyR-independent manner. The partial recovery in the
frequency of tumour infiltrating Treg cells suggests that the anti-ICOS mlgG1 isotype is able

to engage with activating FcyR and drive ADCC of ICOS" Treg and effector T-cells to some
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extent, but the main effect in total numbers of TlLs appears to be independent of activating

FcyR.

These findings are critical to the development of agonistic anti-ICOS antibodies, as the
initial hypothesis of this project, in consensus with part of the field, was that to avoid effector
T-cell depletion an anti-ICOS mlgG1 isotype was needed. Instead it appears that a partially
detrimental effect could also be mediated by this isotype. The potential mechanism

underpinning this effect is discussed further in this work.
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Figure 3.9 Elimination of different T-cell subsets driven by anti-ICOS-migG1 treatment is
slightly reversed in the absence of FcyR.

C57BL/6 and FcyR”" mice were injected subcutaneously with MCA 205 cells. Mice were
treated on day 6 and 9 with 160 pg anti-ICOS mlgG1l mAb or with a combination of 160 pg
anti-ICOS mlgG1 mAb plus 200 pg anti-mCD16/CD32-rlgG2b mAb (clone 2.4G2). On day 11
mice were euthanized, and a single cell suspension was obtained from draining LNs and
tumour-infiltrating lymphocytes (TILs). The cells were stained and evaluated by flow
cytometry. Total number of CD45* and different subsets of T-cells found in (A) the tumour
(TILs) and (B) draining LN. Horizontal bars represent the mean, errors bars shown * standard
error of the mean (SEM). p values were calculated using non-parametrical analysis Kruskal-
Wallis test. ns = p > 0.05, *p < 0.05, **p <0.01, ***p <0.001, **** P < 0.0001. Results from

two independent experiments using 5 mice per condition.
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3.10 The absence of FcyRllb promotes further elimination of

regulatory T-cells by anti-ICOS migG1 mAb therapy

To continue elucidating the mechanism of action of the anti-ICOSm1 (37A10) mAb in
the tumour microenvironment, WT and FcyRIlb7- mice (mice lacking the inhibitory FcyRIlb
whilst retaining expression of activating FcyRs) were injected subcutaneously with MCA 205
cells and treated with anti-ICOSm1 mAb as in previous experiments. 48 hours after the last
dose of treatment, mice were euthanised and TILs and draining LN were analysed by flow

cytometry.

Therapy with anti-ICOSm1 mAb produced a slight increase of CD8*/Treg ratio and
CD4*effector/Treg ratio in WT mice as described before. Interestingly, when the same
treatment was given to FcyRIlb7- mice both ratios increased dramatically from around 2 to
~22 for CD8*/Treg ratio and increased from ~2 to ~14 for CD4*effector/Treg ratio. Consistently
with previous data of this work, no changes in the ratios were observed in draining LNs of

these mice (Figure 3.10A).

The frequency of Treg, CD4*effector and CD8* T-cells were also evaluated from total
CD3* in the TILs and LNs. The frequency of regulatory T-cells from total CD3* significantly
dropped in FcyRIlb7- mice treated with anti-ICOSm1 mAb when compared with untreated WT
mice (from 16% to 2%). Consistently with the previous data, a lower frequency of regulatory
T-cells from CD3* gated cells was also observed in WT mice treated with anti-ICOSm1 (from
16% to 6%), showing a trend towards fewer Treg cells available in the tumour after anti-
ICOSm1 mAb therapy. The frequency was even lower in the absence of the inhibitory FcyRlIlb
in FcyRIlb7- mice (Figure 3.10B). Interestingly, the frequency of CD4* effector and CD8* T-cells
remained similar for all the conditions in the tumour and no changes were observed in the

frequency of T-cell populations in the LN (Figure 3.10B).

Similar observations were made when the normalised total number of CD45*
and T-cells was also evaluated. Fewer Treg cells in the tumour were observed with anti-
ICOSm1 mAb treatment in WT mice, and this Treg-reduction was accentuated in the absence
in FcyRIIb”" mice (Figure 3.11A). A trend towards lower numbers of CD4* effector and CD8* T-
cells TILs after the treatment with an anti-ICOSm1 mAb was observed, without differences

between the two genotypes, suggesting that expression of FcyRllb is not preventing these
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phenomena. On the other hand, the number of CD45* TILs normalised to the tumour weight
remained similar in all the tested conditions. Increased total number of CD45*, CD4" effector
and CD8* cells were observed in the LN of anti-ICOSm1-treated WT and FcyRIlb”- mice (Figure
3.11B). This may be attributed to a decreased total number of cells from LN of untreated WT
mice when compared with other experiments, rather than an increment related to anti-
ICOSm1 treatment. In accordance to all the work presented in this thesis, no difference in the

frequency of T-cells were observed after anti-ICOSm1 mAb treatment in LN from WT mice.

Taken together, the above data suggests that anti-ICOSm1 mAb is effectively binding
its preferred FcyR, the inhibitory FcyRllb, because the lack of this interaction leads to

increased reduction in the frequency of regulatory T-cells in the tumour.

Importantly, this suggest that the preferential elimination of regulatory T-cells in the
tumour by anti-ICOSm1 mAb might be due the levels of expression (MFI) of ICOS on Treg in
the MCA 205 and CT 26 model (Figure 3.2). We hypothesised that anti-ICOSm2a mAb, the
antibody that binds with high affinity to the activating FcyRs, mediates the elimination of
regulatory T-cells, effector CD4* and CD8* T-cells by ADCC and by a Fcy-independent
mechanism. Whilst the mlgG1 fraction of the anti-ICOSm1 mAb binds preferentially to the
inhibitory FcyRIlb not promoting ADCC, we still observe T-cell elimination driven mostly by a

Fcy-independent mechanism.

Even though this seems like a plausible hypothesis for the mechanism of action behind
the observed results with FcyRIIb” mice, further experiments are needed to clarify the effects

FcyR-independent observed before (Figure 3.9).
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Figure 3.10. The anti-ICOS-miIgG1 antibody effectively binds to the inhibitory FcyRlib,
preventing efficient regulatory T-cells depletion.

C57BL/6 and FcyRIIb”" mice were injected subcutaneously with 500,000 MCA 205 cells. Mice
were treated on day 6 and 9 with 160 pg anti-ICOS mlgG1l mAb and on day 11 tumour-
infiltrating lymphocytes (TILs) and draining LN were collected. The cells were stained and
evaluated by flow cytometry. (A) Ratio between CD8* T-cells or CD4* effector T-cells relative
to regulatory T-cells in the tumour (TILs) and draining LNs. (B) Frequency of regulatory
CD4*FoxP3* T-cells, CD4*FoxP3" effector T-cells and CD8* T-cells from total CD3* cells in TILs
and draining LN is shown. Horizontal bars represent the mean, errors bars shown + standard
error of the mean (SEM). p values were calculated using non-parametrical analysis Kruskal-
Wallis test. ns = p > 0.05, *p < 0.05, **p <0.01, ***p <0.001, **** P < 0.0001. Results from
one experiment with 5 mice per condition.
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Figure 3.11. Regulatory T-cells are significantly reduced in the tumour after anti-ICOS-mligG1
mAb treatment in the absence of FcyRllb.

C57BL/6 and FcyRIlb7- mice were injected subcutaneously with MCA 205 cells. After the
establishment of a solid tumour in the flank, mice were treated with 160 pg anti-ICOS migG1
mAb at day 6 and 9. Eleven days after cell injection, a single cell suspension was obtained
from draining LNs and tumour-infiltrating lymphocytes (TILs). The cells were stained and
evaluated by flow cytometry. (A) Number of CD45* cells, regulatory T-cells, effector CD4* and
CD8* T-cells normalised to the mass of the tumour (TILs) and (B) total number of CD45* cells,
regulatory T-cells, effector CD4* and CD8* T-cells in the draining LN. Horizontal bars represent
the mean, errors bars shown * standard error of the mean (SEM). p values were calculated
using non-parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p <0.05, **p <0.01, ***p
<0.001, **** P <0.0001. Results from one experiment with 5 mice per condition.
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3.11 Combination of anti-CTLA-4 with anti-ICOS partially impairs the

beneficial effect of anti-CTLA-4 therapy in vivo

In accordance to our original hypothesis, our data demonstrates that agonistic anti-ICOS
antibodies with depleting mlgG2a isotype (equivalent to anti-ICOS higG1 mAb used by Jounce
and Kymab) fail to drive strong anti-tumour activity in vivo, likely due to the elimination of
activated effector T cells. This data could provide an explanation to the lack of significant
clinical activity reported in the recent ICONIC trial (NCT02904226) sponsored by Jounce
Therapeutics. Together the data raises serious concerns regarding the use of anti-ICOS mAbs
with depleting activity. The negative effect of depleting isotypes could be amplified in the
context of other therapeutic modalities that further upregulate ICOS on effector T-cells or
that rely on ICOS* effector T-cells for their therapeutic efficacy. Amongst these, anti-CTLA-4
antibodies are known to induce ICOS upregulation on activated effector T-cells in the clinic,
which correlates with clinical response (Carthon et al., 2010). This has been further supported
by experiments in mouse models of cancer demonstrating loss of tumour control in ICOS”-

mice treated by anti-CTLA-4 mAb (Fu et al., 2011).

Of critical relevance, after the release of the initial results of the phase | ICONIC trial (by
Jounce Therapeutics) combining anti-ICOS (JTX-2011) mAb and anti-PD-1 mAb, it was
announced that an additional arm would evaluate the combination of anti-ICOS with anti-
CTLA-4 mAb (Jounce News Release, 2018), following on the initial preclinical data
demonstrating that combination of anti-CTLA-4 mAb and ICOSL-expressing tumour cell based

vaccines synergised to reject established tumours in mice (Fan et al., 2014).

Based on the above, we next sought to determine whether the combination of anti-
CTLA-4 mAb and anti-ICOS mAbs would result in detrimental activity due to depletion of

activated effector T-cells.

C57BL/6 mice were challenged with MCA 205 cells in the flank and were treated with
three doses of anti-CTLA-4m2a mAb, anti-ICOSm1 mAb, anti-ICOSm2a mAb or a combination
of those treatments, and tumour growth and survival was measured. This experimental
design was chosen because three doses of anti-CTLA-4m2a mAb are known to drive tumour
rejection and long-term survival in this model, as already established by our laboratory,

therefore, any decreased survival due to the combination therapy will be easy to detect.
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Tumour growth curves in mice left untreated or treated with monotherapy anti-
ICOSm1-or anti-ICOSm2a were comparable corroborating the lack of activity of anti-ICOS mAb
as single agent in this tumour model. Anti-CTLA-4m2a mAb therapy promoted complete
tumour control and long-term survival in all treated mice. As hypothesised, combining anti-
CTLA-4 mAb with anti-ICOSm2a mAb lead to a complete loss of tumour rejection driven by
anti-CTLA-4 mAb. Interestingly, combination of anti-CTLA-4 mAb plus anti-ICOSm1 mAb lead
to a partial tumour control in all mice, in which in half of the mice the tumour has relapsed
despite the treatment and in the other half the tumours were rejected (Figure 3.12A). The
median survival of untreated, anti-ICOSm1 mAb, anti-ICOSm2a mAb and anti-CTLA-4m2a
mAb combined with anti-ICOSm2a mAb groups were 20, 19.5, 21 and 24 days respectively,
with no difference between the four groups. In contrast, the median survival of anti-CTLA-
4m2a mAb combined with anti-ICOSm1 mAb group was 98 days illustrating a reduction of the
survival benefit of anti-CTLA4m2a mAb therapy alone in which all mice survived until end of

the experiment (130 days) (Figure 3.12B).

In order to understand the role of T-cell depletion by anti-ICOS mAb in the context of
anti-CTLA-4 mAb therapy, mice were challenged with MCA 205 tumour cells, tumours were
allowed to grow to a palpable size and then the mice were treated with two doses of anti-
ICOSm1 mADb, anti-ICOSm2a mAb, anti-CTLA-4m2a mAb or a combination of anti-CTLA-4m2a
with anti-ICOSm1 or anti-ICOSm2a. Draining LNs and TlLs were harvested at day 11 post
tumour-injection and analysed by flow cytometry. The CD8*/Treg and CD4*'effector/Treg
ratios were calculated for TlLs and draining LNs, and no changes were observed in the LNs. A
dramaticincrease in the CD8"/Treg ratio was observed with anti-ICOSm2a mAb monotherapy,
combination anti-CTLA-4m2a mAb with anti-ICOSm1 mAb and combination anti-CTLA-4m2a
mAb with anti-ICOSm2a mAb (Figure 3.13A). It is important to note that anti-CTLA-4m2a mAb
therapy alone also increased the CD8*/Treg ratio, but to a lesser extent than the other
therapies. Increases in the CD4'effector/Treg ratio were also observed, with significant
differences for anti-ICOSm2a mAb, anti-CTLA-4m2a mAb and both combinations of anti-CTLA-

4 mAb and anti-ICOS antibodies when compared to untreated mice (Figure 3.13A).
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Figure 3.12. Combination of anti-CTLA-4 mAb with anti-ICOS mAb impairs the efficacy of
anti-CTLA-4 mAb treatment.

C57BL/6 mice were injected subcutaneously with the tumour cells MCA-205. Mice were
treated on day 6, 9 and 12 with 100 pg of anti-ICOSm1 mAb, anti-ICOSm2a mAb, anti-CTLA-
4m2a mAb or a combination of treatments as indicated. (A) MCA-205 tumour growth in
individual mice in each group. Numbers show the fraction of mice with complete long-term
response. (B) Kaplan-Meier curves demonstrating survival of mice that were given different
treatment regimens, as described above. ns = p > 0.05, *p < 0.05, **p <0.01, ***p < 0.001,
**%* P <0.0001 log-rank test. Pooled data from two independent experiments.
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Whilst the ratios of T-effector/Treg offers insight to the intra-tumour balance between
effectors and regulatory T-cells, this indicator fails to provide information on the overall
number of cells infiltrating a tumour. Based on this, we next analysed the normalised number
of TILs per gram of tumour. Of relevance and in keeping with previous data in this thesis, all
treatments reduced the number of Treg cells in the tumour, but the sharpest decreases were
caused by anti-ICOSm2a mAb and combinations of anti-CTLA-4 mAb with either anti-ICOS
mAb isotypes. Remarkably, anti-CTLA-4m2a mAb injections reduced the number of Treg to a
lesser extent when compared with the combination conditions, similarly to anti-ICOSm1 mAb
monotherapy (Figure 3.13B). More importantly, the normalised number of CD4*effector and
CD8* T-cells was also reduced in all the conditions when anti-ICOS mAb was administrated,
regardless of the isotype of the antibody, with significant reductions when anti-ICOSm2a mAb
was given. On the contrary, anti-CTLA-4 mAb was the only condition in which the total number

of CD4*effector and CD8* T-cells remained similar to untreated condition (Figure 3.13B).

Taken together, this data supports the notion that to improve survival it is necessary
to increase the CD8"/Treg and CD4*effector/Treg ratios in the tumour as has already been
described (Quezada et al., 2006; Bulliard et al., 2013; Selby et al., 2013; Simpson et al., 2013),
but it is also necessary to sustain a minimal level of T-cell infiltration and number of effector

T-cells within the tumour.

Based on the drastic reduction in the number of effector CD4* and CD8* T-cells post
therapeutic intervention, we next sought to determine which specific subset of effector T-
cells were being eliminated in response to mono- and combination-therapy with anti-ICOS

antibodies.
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Figure 3.13. Combination of anti-CTLA-4 mAb with anti-ICOS mAb diminishes the total
number of T-cells in the tumour.

C57BL/6 mice were injected subcutaneously with the tumour cell MCA-205 and were treated
with two doses of 100 pg of anti-ICOSm1 mAb, anti-ICOSm2a mAb, anti-CTLA-4m2a mAb or a
combination of treatments on days 6 and 8. Ten days after cell injection, tumour-infiltrating
lymphocytes (TILs) and draining LN were collected. Cells were stained and evaluated by flow
cytometry. (A) Ratio between CD8* T-cells or CD4* effector T-cells relative to regulatory T-
cells in the tumour (TILs) and draining LNs. (B) Total number of regulatory CD4*FoxP3* T-cells,
CD4*FoxP3" effector T-cells and CD8* T-cells found in the tumour (TILs) and draining LN.
Horizontal bars represent the mean, errors bars shown * standard error of the mean (SEM).
p values were calculated using non-parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p
<0.05, **p <£0.01, ***p <0.001, **** P < 0.0001. Results from one experiment with 5 mice
per condition.
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3.12 Activated GITR*PD-1*CD4* cells are eliminated by both isotypes
of anti-ICOS mAb

To have a better understanding of the T-cell populations eliminated by both isotypes
of anti-ICOS mAb in the context of anti-CTLA-4m2a mAb therapy, a dimensional reduction
analysis (t-SNE) (Van Der Maaten and Hinton, 2008) was applied to the immune-modulatory
molecule expression data obtained by flow cytometry. Even though the samples were also
stained for ICOS expression, this parameter was excluded due to the fact that the therapeutic
37A10 anti-ICOS mAb blocked the staining with the detection anti-ICOS mAb (Supplementary
figure 7.1B). The concatenated data of all the samples in the experiment gated by CD45*CD3*
cells are shown in Figure 3.14A. Data shows that CD4" cells clustered mostly in the areas
assigned by polygons 1 and 2, and that CD8" cells clustered separately in polygons 3 and 4
(Figure 3.14A). FoxP3 and CD25 expression were delimited by area 1, also expressing CD4.
Therefore, polygon 1 correspond to Treg, polygon 2 refers to effector CD4* cells meanwhile
the assigned polygons 3 and 4 show the different clusters of CD8* cells. Higher GITR
expression was allocated mostly to Treg cells but was also expressed by CD4*effector and
CD8* T-cells. Similarly, PD-1 expression was narrowed to the T-cell populations with the higher
expression on CD8* T-cells. Granzyme B (GzmB) was restricted to the CD8"* cells and the

proliferation marker was mostly allocated to both effector CD4* and CD8" cells (Figure 3.14A).

Importantly, when we compared the concatenated data for each group, we observed
that in all the treatments there is elimination of the regulatory T-cells present in the untreated
(grey) condition, as described before in this work (Figure 3.14B). Furthermore, CD4*effector
cells (polygon 2) are also mostly eliminated in all groups receiving any of the isotypes of anti-
ICOS mAb but are mainly maintained in the anti-CTLA-4 mAb group. Similarly, for CD8* cells
expressing GITR, PD-1 and GzmB (polygon 3) disappeared in most of the anti-ICOS mAb
conditions, except for combination anti-CTLA-4 mAb plus anti-ICOSm1 mAb and anti-CTLA-4

mAb monotherapy, the two conditions with higher median survival (Figure 3.14B).
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Figure 3.14. Combination of anti-CTLA-4 mAb with anti-ICOS mAb diminishes the frequency
of regulatory and activated effector T-cells in the tumour.

C57BL/6 mice were injected subcutaneously with MCA-205 cells and treated with 100 ug of
anti-ICOSm1 mAb, anti-ICOSm2a mAb, anti-CTLA-4m2a mAb or a combination of treatments
on days 6 and 8. Ten days after cell injection, tumour-infiltrating lymphocytes were collected,
stained and evaluated by flow cytometry. Data were analysed using the pipeline
Cytofpipev0.2, which apply the PhenoGraph algorithm in its clustering command.
Visualisation by tSNE parameters. Polygons indicating clusters of interest are shown. Polygon
1 refers to regulatory T-cells, polygon 2 indicates effector CD4* T-cells and polygons 3 and 4
correspond to CD8* T-cells. (A) Panels indicating the level of expression of different markers,
as indicated. (B) Comparison between untreated samples (grey) and treated mice (coloured)
are shown. Four polygons indicating different T-cell subsets are also highlighted. Treatments
corresponding to anti-ICOS-mIgG1l mAb (green), anti-ICOS-mIgG2a mAb (red), anti-CTLA-4-
mlgG2a mAb (blue), anti-ICOS-mIgG1 mAb plus anti-CTLA-4-mlIgG2a mAb (light blue) and anti-
ICOS-mlgG2a mAb plus anti-CTLA-4-mlgG2a mAb (pink).

126

v



To better understand the populations of effector T-cells disappearing after anti-ICOS
mAb treatments, GITR*PD-1* cells were gated in CD4*effector and CD8* T-cell populations
(Figure 3.15A, B). The frequency of CD4*FoxP3 GITR*PD-1* remained similar between
untreated, anti-CTLA-4 mAb and anti-ICOSm1 mAb groups, with a slight decrease in
combination anti-CTLA-4 mAb and anti-ICOSm1 mAb group and a decrease (from 60% to 20%)
in both conditions treated with anti-ICOSm2a mAb (Figure 3.15A).

A different trend was observed for CD8*GITR*PD-1* in which frequency was reduced
with anti-ICOSm1 mAb, anti-CTLA-4 mAb and the combination of both antibodies, but
interestingly the sharpest decrease was observed in the group treated with anti-ICOSm2a
mAb alone (Figure 3.15B). The ratio of these populations to Treg population was calculated,
showing increased CD4*FoxP3 GITR*PD-1*/Treg ratio in all the groups treated with anti-CTLA-
4 mAb from an average of 0.5 to 5 (10-fold increase), but when the total normalised number
of CD4*FoxP3"GITR*PD-1* in the tumour was calculated the only condition that maintained
those activated CD4*effector cells was anti-CTLA-4 mAb monotherapy group (Figure 3.15C).
Different observations were made for activated CD8*GITR*PD-1* cells, in which the ratio to
Treg cells slightly increased when anti-CTLA-4 mAb was given from 0.5 to 1.5 - 2 (three- to
four-fold increase) and a significantly higher ratio was obtained when combining anti-CTLA-4
mAb with anti-ICOSm1 mAb. Nevertheless, when the normalised number of this activated
CD8*GITR*PD-1* cells was calculated, a significant decrease was observed in most of the anti-
ICOS-treated conditions and just those mice treated with anti-CTLA-4 mAb alone were able

to maintain this population of activated CD8* T-cells (Figure 3.15D).
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Figure 3.15. The number of activated effector PD-1* GITR* cells is reduced with anti-ICOS

mADb treatments.

C57BL/6 mice were injected subcutaneously with the tumour cell MCA-205 and were treated
with two doses of 100 pg of anti-ICOSm1 mAb, anti-ICOSm2a mAb, anti-CTLA-4m2a mAb or a
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combination of treatments on days 6 and 8. At day 10, tumour infiltrating lymphocytes (TILs)
were collected and the cell suspension was stained and evaluated by flow cytometry.
Representative dot plots showing the frequency of PD-1* GITR* are shown for the gates (A)
CD4* FoxP3" effector T-cells and (B) CD8* T-cells. The ratio relative to regulatory T-cells and
the total number of activated PD-1* GITR* effector cells normalized to the amount of tumour
is shown for (C) CD4* FoxP3" T-cells and (D) CD8* T-cells. Horizontal bars represent the mean,
errors bars shown * standard error of the mean (SEM). p values were calculated using non-
parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p < 0.05, **p <0.01, ***p < 0.001,
**%* P <0.0001. Results from one experiment with 5 mice per condition.

The expression of ICOS and Granzyme B was evaluated in concatenated samples of
untreated and anti-CTLA-4 mAb treated mice. Anti-ICOS mAb groups were excluded of this

analysis due to the blocking of ICOS staining by 37A10 anti-ICOS mAb treatment.

Figure 3.16A shows that in untreated mice the majority of CD4*effector cells are ICOS*
and GzmB- or GzmB'° and when the CD4*FoxP3-GITR*PD-1* population is selected, there is no
changes in that distribution. As the majority of CD4*FoxP3" cells are ICOS*, when anti-ICOS
mAb therapy is used most of these CD4* effector cells, and particularly the activated
CD4*FoxP3 GITR*PD-1* population, can be targeted and depleted. When anti-CTLA-4 mAb is
given to the mice, the majority of CD4*effector cells upregulated GzmB* production,
becoming ICOS*GzmB* - including CD4*FoxP3 GITR*PD-1* cells — pointing to this population as

one key target for anti-ICOS mAb when combination therapy was given (Figure 3.16A).

Similar analysis was carried out for CD8" cells. In untreated mice, the expression of
ICOS and GzmB was restricted to a fraction of all CD8* T-cells, but when CD8*GITR*PD-1* cells

were gated, the majority of the cells also expressed ICOS and/or GzmB (Figure 3.16A). After
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anti-CTLA-4 mAb treatment, most of CD8* T-cells upregulated GzmB production, and the
majority of activated CD8*GITR*PD-1* cells co-expressed ICOS cells (Figure 3.16A). For this
reason, combination of anti-CTLA-4 mAb and anti-ICOS mAb therapy could lead to the
elimination of most of the activated CD8*GITR*PD-1*GzmB* T-cell pool, which may be driving
the undesired outcome of decreased efficacy of anti-CTLA4 mAb therapy upon combining

with anti-ICOS mAbs previously described in this work.

For a better visualization of the expression of different molecules on T-cells, SPICE
(Simplified Presentation of Incredibly Complex Evaluations) pie charts were made. In the
CD4*effector population ICOS was expressed with a high frequency but was also normally co-
expressed with at least one of the markers previously evaluated: PD-1 and GITR (Figure
3.16B). In general, there is no differences in the distribution of the different CD4*1COS*
population between untreated and anti-CTLA-4-treated groups. Similar scenario is observed
for CD8* in which ICOS is mainly co-expressed with GITR and/or PD-1 in untreated mice. After
anti-CTLA-4 mAb therapy, even though the frequency of CD8*ICOS* remains similar, the

pattern data shows a reduction in the levels of co-expression with GITR (Figure 3.16B).

Importantly, in effector CD4* and CD8* T-cells, ICOS* cells have an activated
phenotype, defined by the upregulation of different immune-modulatory molecules on their

surface and the production of granzyme B.

Taken all these results together, we concluded that in the context of cancer
immunotherapy, targeting ICOS with anti-ICOS monoclonal antibodies may not promote a
clinical benefit due to the risk of elimination of important activated effector T-cell
compartments as shown in this work using mouse models. Whilst it is clear that anti-ICOS
mouse IgG2a drives ADCC of effector T-cells and activated regulatory T-cells, the mechanism
underpinning elimination of both subsets by the mouse IgG1 isotype remains elusive and will

be discussed later in this thesis.
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Figure 3.16. ICOS is co-expressed with PD-1 and GITR on effector T-cells activated by anti-
CTLA-4, making activated T-cells a target of anti-ICOS mAb therapy.

C57BL/6 mice were injected subcutaneously with the tumour cell MCA-205 and were treated
on day 6 and 8 with 100 pg of anti-CTLA-4m2a mAb. At day 10, tumour-infiltrating
lymphocytes (TILs) were collected and the cell suspension was stained and evaluated by flow
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cytometry. (A) Contour plots showing the expression of ICOS and Granzyme B (GzmB) of
concatenated untreated and anti-CTLA-4 mAb treated samples. (B) SPICE pie charts showing
the average expression of CD25, GITR, ICOS and PD-1 on CD4+FoxP3- effector and CD8+ T-
cells in untreated and anti-CTLA-4 mAb treated mice.

3.13 Humanised higG1l and higG4 anti-mICOS antibodies promote
depletion of effector and regulatory T-cells in mice bearing

human FcyRs

To test the effect of anti-ICOS antibodies with human 1gGs in the context of human
FcyRs (hFcyRs), a mouse model that recapitulate hFcyR structural and functional diversity was
used (Smith et al., 2012). The variable region of anti-ICOS 37A10 mAb was engineered in two
human IgG isotypes, the depleting human IgG1 (h1) and non-depleting human IgG4 (h4). As
before, mice were injected with MCA 205 cells and treated with two doses of 50 pg anti-ICOS
hlgG1 mAb or anti-ICOS hlgG4 mAb on day six and nine after tumour challenge, and after 48
hours of the last dose of antibody tumours and draining LN were recovered and analysed.
When the frequency of regulatory T-cells from total CD3* cells was evaluated, both human
IgG isotypes replicated the depletion observed in their equivalent mouse IgGs. In the tumour,
the frequency of Treg diminished from an average of 15% to a 4% for anti-ICOSh1 mAb and
to 5% for anti-ICOSh4 mAb (Figure 3.17A). The frequency of effector CD4* and CD8* from total
CD3* remained comparable between both anti-ICOS isotypes and untreated samples in the
tumour, and as described with mouse IgGs, no differences were observed in the draining LN
for any of the T-cell subsets (Figure 3.17A). Consequently, the ratios to Treg cells also
increased in the tumour with both isotypes of anti-ICOS mAb, whilst a minor decrease in the

CD8*/Treg ratio was obtained in the draining LN (Figure 3.17B). Replicating what was

132



observed previously with mouse IgGs, both human isotypes of anti-ICOS mAbs lead to a
statistically significant reduction in the number of Treg cells infiltrating the tumour (Figure
3.17C). Additionally, a not significant trend toward reduced number of effector CD4* T-cells
was also observed in the tumour with both isotypes of the anti-ICOS mAb, whilst the number
of tumour infiltrating CD8* T-cells was significantly lower with the higG1 isotype and trended
to a lower number with the non-depleting higG4 isotype. No differences in the numbers of T-
cells from the draining LNs were detected (Figure 3.17C). In general, the data generated with
hFcyR mice suggest that anti-ICOS hlgG4 mAb could be the preferred isotype to be used in
the clinic, as no statistically significant reduction of effector CD4* and CD8* T-cells was
observed. However, this isotype trended toward reduced numbers and the experiments with

mouse IgGs demonstrated a detrimental ADCC-independent elimination of effector T-cells.

In summary, all the preclinical studies done in this work provide strong evidence
regarding a potential deleterious effect of the use of agonistic anti-ICOS antibodies in the

clinic for the treatment of cancer.

Even though the exact mechanism by which the elimination of different T-cell subsets
is still unknown, this work demonstrated that this elimination is independent of FcyR-
engagement, at least in the mouse model. The use of the hFcyR mouse model provided
further evidence that the described T-cell elimination in this work is not an effect restricted
to mouse 1gG/mouse FcyR interaction, and therefore targeting ICOS for antibody therapy in

the clinic should be put on hold until safer strategies are available.
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Figure 3.17. Engineered anti-ICOS antibody with human IgGs depletes T-cells in the tumour.

hFcyR mice (C57BL/6 background) were injected subcutaneously with MCA-205 cells and
were treated with two doses of 50 ug of anti-ICOSh1 mAb or anti-ICOSh4 mAb on days six and
eight. Ten days after cell injection, tumour-infiltrating lymphocytes (TILs) and draining LN
were collected. Cells were stained and evaluated by flow cytometry. (A) Frequency of
regulatory, effector CD4* and CD8* T-cells from total CD3+ cells found in the tumour (TILs)
and draining LNs. (B) Ratio between CD8* T-cells or CD4* effector T-cells relative to regulatory
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T-cells in the tumour and in the draining LNs. (C) Total number of T-cells found in the tumour,
normalised to the mass of the tumour. Horizontal bars represent the mean, errors bars shown
+ standard error of the mean (SEM). p values were calculated using non-parametrical analysis

Kruskal-Wallis test. ns = p > 0.05, *p <0.05, **p <0.01, ***p <0.001, **** P <0.0001. Results
from one experiment with 5 mice per condition.
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4 Results: Deciphering the immune tumour
microenvironment in mouse models of lung cancer to
inform the development of novel therapeutic

interventions

4.1 Introduction

As discussed in Chapter 1, lung cancer remains the malignancy with the highest
mortality in the world, with just slight improvement in the survival of patients in the last 40

years (Cancer Research UK, 2018a).

It has been reported that NSCLC patients who developed tertiary lymphoid structures
within the tumour have improved long-term survival (Dieu-Nosjean et al., 2008). The study
identified mature DCs as the best predictor for improved outcome, proposing that the priming
of CD4* Th1 cells by DCs was responsible for the improved survival (Dieu-Nosjean et al., 2008).
Similarly, when samples from NSCLC patients were evaluated, a higher number of infiltrating

CD8* T-cells correlated with patient-survival (Zhuang et al., 2010).

Stage lll and IV NSCLC patients treated with ipilimumab combined with chemotherapy
have also shown improved survival comparing to chemotherapy alone. In the trial, paclitaxel
and carboplatin chemotherapies were given in a phased schedule with ipilimumab (anti-CTLA-
4 mAb). Compared with chemotherapy alone, the combination of ipilimumab plus
chemotherapy increased the immune related overall response almost 2-fold (Lynch et al.,
2012). Nivolumab (anti-PD-1 mAb) was also tested in advanced and metastatic NSCLC
patients. The group of patients receiving nivolumab had an increased overall survival when

compared to patients treated with docetaxel (Borghaei et al., 2015).

Altogether, the data suggest that immunotherapies aiming at activating T-cell function
within the tumour bear some activity against lung cancer but also underscores the need for
better and more potent therapeutic interventions. We believe that for being able to propose

new and rational therapies for lung cancer we also need to develop and characterise novel
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mouse models of lung cancer that better represent the immune microenvironment of human

lung cancer.

For the purpose of reference, the samples from NSCLC patients were collected and
analysed in the laboratory by Dr Andrew Furness. Preliminary data generated from mouse
models of lung cancer is also shown as a comparison (Supporting figure 4.1A), which shows
that the frequency of regulatory T-cells between NSCLC samples and two mouse models of
lung cancer, KPB6.F1 and CMT-167, are similarly low. Additionally, the frequency of
expression of different co-stimulatory and co-inhibitory molecules is shown as a reference for

the data that will be presented in this chapter (Supporting figure 4.1B).

4.2 Rationale and aims

In order to develop new therapies for lung cancer that promote effector T-cell
activation, it is necessary to gain better understanding of the dynamics between the tumour

and its immune microenvironment in mouse models of lung cancer.
The main objectives of the work presented in this chapter were:

1. To establish mouse models of lung cancer and characterise their immune landscape
with a focus on T-cell infiltrates and the expression of potentially targetable immune
modulatory receptors.

2. To evaluate the impact of chemotherapy and radiotherapy in immune infiltration and
the expression of immune-regulatory molecules to inform the rational development
of combination therapies.

3. Based on the above, propose and test new rational designed immunotherapies in
mouse models of lung cancer.

4. To evaluate the impact of antibody-based immunotherapies on the immune

microenvironment of mouse models of lung cancer.

137



Human i Murine

80+
- 60+
g 60 +§
o 404
E 40+ .. E
2 o X 204 .~ é
20- -
- -
°o® 0
0__I_ T T T
& S O @
$$(J o&o Q@Q Q«'\
MR e

CD4'FoxP3* CD4*FoxP3- CD8*

NSCLC

Supporting figure 4.1. Characterisation of the checkpoint landscape on tumour infiltrating
T-cells in NSCLC patients.

(A) Frequency of FoxP3* (Treg) cells from total CD4* in NSCLC and two mouse models of lung
cancer: KPB6.F1 and CMT-167. (B) Heatmap demonstrating the frequency of expression of
different co-stimulatory and co-inhibitory molecules on the surface of regulatory, effector
CD4* and CD8* T-cells. Credit human data: Dr Andrew Furness. Modified from (Arce Vargas et
al., 2018). Image reproduced with permission of the rights holder, Elsevier.
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4.3 Establishment and characterisation of two lung cancer models

KPB6.F1 and CMT-167

4.3.1 Establishment of the models

As the main objective of this work was to define and characterise the immune
microenvironment of different mouse models of lung cancer, the first step was to find optimal
conditions for the growth of tumours in the lung after intravenous injection whilst
maintaining the welfare of the animals. For this purpose, a titration of the numbers of cells

injected was made for two lung cancer cell lines: KPB6.F1 and CMT-167.

The KPB6.F1 line was derived from lung tumours induced in KrastS/G12D Trp53flox/flox
mice, as described in Chapter 2. The CMT-167 cell line, a subclone from the mouse lung

carcinoma CMT-64, was purchased from Sigma Aldrich, as described in Chapter 2.

Establishing an in vivo tumour model can be challenging. It is essential to determine the
number of cells needed to be injected in order for the tumour to grow, whilst at the same
time the tumour burden cannot be too high leading in premature deaths, or animals needing
to be euthanised due to ethical reasons. Titration experiments were carried out as described
in Chapter 2, and it was determined that the optimal number of cells to be injected were

80,000 for KPB6.F2 cell line and 300,000 for the CMT-167 cell line (Supplementary figure 7.2).

4.3.2 Tumour infiltrating lymphocytes from the KPB6.F1 and CMT-167 models

have a “cold” immune phenotype.

To study the basic biology of the immune populations in the lung tumour
microenvironment of both models, mice were injected intravenously with the cell lines
KPB6.F1 or CMT-167 and compared with non-tumour bearing mice. The lungs were harvested
for each condition - a representative picture is shown in Figure 4.1A. Intravenous injection
produced many different tumour nodules in the lungs of the mice; therefore, the
guantification of the tumour burden is difficult when avoiding the expression of exogenous
proteins such as GFP or luciferase. The use of GFP- or luciferase-expressing tumour cell lines

was discarded to avoid adding external immunogenicity to the cell lines, as was observed
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previously in this project, which may affect the immune signature of the studied TILs
(Supplementary Figure 7.6). For this reason, the weight of the lungs was used as a surrogate
measure of the tumour burden in the mice, indicating the development of tumours (Figure
4.1B). In both models we observed a higher frequency of regulatory T-cells (Treg) (out of the
total CD3* compartment) compared to a healthy lung and a trend towards a lower frequency
of infiltrating CD8* T-cells, as observed in other mouse models presented before in this work
in Chapter 3 (Figure 4.1C) (Arce Vargas et al., 2017). As shown before, the relative amount of
Treg, and therefore effector CD4*, is similar between both mouse models and samples from
NSCLC patients (Supporting figure 4.1A). The frequency of NK cells (NK1.1* cells) was also
evaluated in healthy and tumour-bearing lungs, and the percentage of NK cells diminished
within both tumour types compared to normal lungs (Figure 4.1D). Interestingly, for the
KPB6.F1 model this reduction of NK cells correlated with increased tumour burden (Figure
4.1). The ratio of CD8* T-cells, CD4* effector NKs relative to Treg cells was also calculated as
shown in Figure 4.1E. The ratio of CD8*, effector CD4* and NK cells, to Treg cells is decreased

in tumour-bearing mice, suggesting an important role of these cells in the evaluated models.
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Figure 4.1. Tumour-bearing lungs have an increased frequency of regulatory T-cells when
compared to lungs from control mice.

C57BL/6 mice were left untreated or injected intravenously with the tumour cell lines KPB6.F1
or CMT-167. After 20 days the tumour-bearing lungs were collected, and a single cell
suspension was generated. Tumour infiltrating lymphocytes were stained and evaluated by
flow cytometry. (A) Representative pictures of lung from non-tumour bearing mouse (No
tumour), KPB6.F1 bearing mouse and CMT-167 bearing mouse. (B) Total weight of the lungs
for each condition. (C) Frequency of regulatory, effector CD4* and CD8* T-cells from total CD3*
in the lung. (D) Frequency of NK1.1* cells from total live cells. (E) Ratio between CD8* T-cells,
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CDA4+ effector T-cells or NK cells relative to regulatory T-cells in the tumour-bearing lungs.
Horizontal bars represent the mean, errors bars shown + standard error of the mean (SEM).
p values were calculated using non-parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p
<0.05, **p £0.01, ***p <0.001, **** P < 0.0001. Results from one experiment with 5 mice
per condition.

To gain better understanding of the tumour microenvironment, the expression of
different co-stimulatory and co-inhibitory molecules was evaluated on the three T-cell
compartments by flow cytometry (Figure 4.2A and B). We observed that the frequency of
positive cells for each protein was low on CD4* and CD8* T-cells, and only Treg cells expressed
most of the receptors on their surface. As a reference, T-cells from healthy (“no tumour”)
mice were also evaluated. Tumour infiltrating Treg cells from both mouse models express
more 4-1BB, ICOS, OX-40, CTLA-4, PD-1 and TIGIT when compared to Treg from healthy (“no
tumour”) mice. Additionally, CD4* effector and CD8* T-cells also increased the expression of
GITR when compared with their no-tumour counterparts. With the aim to visualise better the
tumour microenvironment of both models, a heatmap was produced showing the frequency
of cells expressing the different modulatory molecules on the surface of total Treg, CD4*

effector and CD8* T-cells for five individual mice (Figure 4.2C).

KPB6.F1 and CMT-167 models express a higher frequency of immune modulatory
molecules on their FoxP3* CD4* cells compared with Treg cells from mice without tumours
(“no tumour”). Moreover, CD4* effector and CD8* T-cells have a very low frequency of
activated T-cells, with a slight increase in the expression of GITR, ICOS and PD-1 when

compared to T-cells from healthy mice (“no tumour”) (Figure 4.2C).
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Figure 4.2. KPB6.F1 and CMT-167 mouse models of lung cancer have a cold immune
phenotype.

C57BL/6 mice were injected intravenously with the tumour cell lines KPB6.F1 or CMT-167 and
lungs were processed as before. Tumour infiltrating lymphocytes were stained and evaluated
by flow cytometry. Representative histograms showing the expression of (A) co-stimulatory
and (B) co-inhibitory molecules on regulatory, CD4* effector and CD8* T-cells are shown. (C)
Heatmap showing the frequency of co-inhibitory and co-stimulatory molecules expressed by
three different T-cells subsets in the tumour-bearing mice. Results from one experiment with
5 mice per condition.
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This expression pattern of co-modulatory molecules on TlLs from mouse models of
lung cancer resembles the frequency of expression in samples of NSCLC patients (Supporting

figure 4.1B).

Therefore, here we demonstrate that the KPB6.F1 and CMT-167 tumour cell lines
effectively generate tumours in the lung when injected intravenously. The tumour
microenvironment of those models was evaluated, and low expression of activation markers
was observed on CD4* effector and CD8* T-cells, a classic signature of a “cold” tumour.
Additionally, both models have similar frequency of expression of co-modulatory molecules

on the surface of infiltrating T-cells to previously described samples of NSCLC patients.

4.4 Localised radiotherapy does not modify the tumour

microenvironment of the KPB6.F1 model

As mentioned in Chapter 1, radiotherapy is one of the current standard treatment in
lung cancer. The main purpose of radiotherapy is normally to target the tumour burden itself
promoting its elimination by radiation-induced apoptosis. However, in the last two decades
new insights into the mechanism of action of radiotherapy and its effect on tumour
microenvironment have been obtained (Barker et al., 2015). It has been described in multiple
mouse models that after radiotherapy there is an accumulation of immune-suppressive cells,
such as tumour-associated macrophages (TAMs), Treg cells and myeloid-derived suppressor
cells (MDSC) (Laoui et al., 2014; Kachikwu et al., 2011). On the other hand, increased antigen
availability and recruitment of circulating immune cells has been proposed to promote a more
efficient immune response (Barker et al., 2015). Therefore, the effects of radiotherapy in the

activation of different T-cell subsets should be investigated further.

In order to test the effect of radiation in the tumour microenvironment of a murine
model of lung, the KPB6.F1-bearing mice were given directed irradiation targeting the right
lung. The aim of this evaluation is to develop mouse models which could be used to study
combination therapies that entail irradiation as means to activate T-cells. Mice received either
one single dose of 8 Gy in the right lung, or 3 x 8Gy fractions delivered with 48 hours between

treatments. To assure a thorough data collection that describes the effects of radiotherapy in
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the tumour microenvironment, lungs were recovered three and seven days after the last dose
received for both radiation schedules. The right and left lungs were analysed separately, to
compare local and global effect in the same individual. As a control, mice that did not receive
any radiation were also analysed. Figure 4.3A is a scheme showing all the different schedules

evaluated.

The frequency of Treg, CD4* effector and CD8* T-cells from total CD3* T-cells was first
evaluated, and no differences were found when mice received one dose of radiation at any
time evaluated after radiation was received, when compared with untreated (UT) mice.
Furthermore, no differences were observed between right and left lung after one dose of 8Gy
radiation (Figure 4.3B). Similarly, no differences were observed in the frequency of CD4*
effector and CD8* T-cells after fractioned 3x8Gy radiation between irradiated right lung or
untreated left lung, at any time point evaluated. Although a trend towards an increased
frequency of Treg cells from total CD3* cells after 3x8Gy radiation was observed in the right
and left lung when compared with untreated mice, it was not significant (Figure 4.3B). The
frequency of NK cells from total CD45* cells was also evaluated, and no differences were
found (Figure 4.3C). Furthermore, the different ratios to Treg cells were calculated for each
condition and no differences were found after radiation for CD8*/Treg and CD4* effector/Treg

ratios.

Even though not significant, a trend towards lower NK/Treg ratio was observed after
radiation in both lungs. No differences between right and left lung were observed (Figure

4.3D).

146



Radiation right lung

8 Gy

7Y/

8 Gy

. C57BL/6)

14

12 13

10

0
Cell injection

KPB6.F1 cells

Collect lungs  Collect lungs

Collect lungs

NK1.1*

O

CD4*FoxP3" CcD8*

CD4FoxP3*

(a0]

25+

#h, e ry
H H Vum\:ﬂok
=i Ll ¢
H H vu_ﬁm.bm,
_c ._T_l_.’ . \ _o+o_ . _ [¢
L57ad 10 % L5¥a0 10 %
HHe o &
W L] r vu_m\_mbm
wh, =Hi, &
L 0 VH_@:.u..om,
e o oH{e <,
3 4 F &
H L] - vu_uxmbu
o, L &
—— W VH_M\_.mbm,
. k... . _ . oll_. ° _ <
# e <
H i i vu_@ﬁom
=R, i, ¢
- ] VH_ m\ﬁam
T T _‘ T T T ._T_.’ T .«0
+£00 10 % +£d010%
Apgasop T Ao g sasop ¢

CD4*FoxP3-/CD4*FoxP3*  NK1.1°/CD4*FoxP3*

CD8*/CD4*FoxP3*

D

Hie L (7
' b >1ep,
iy, FHe car
..__ F > %e
ro—— 9 L — <,
5338 ¢ 338 8¢
o, +HY -
A Voo fadote,
N - (4 s
e
—t— H - > Pe
He § L « SRS
T ..n.u J_. —b -] w0 =t ™~ o
dpe ¢ — - 4
L] i w4 ﬁm__cm
L b u = - 4
SAep,
= L P 3
T T _“*..- T -.i_ T IJ\Q
-] © =t o™ <t © o~ - [=]
oney oney
A g asop T A9 g sasop ¢

147



Figure 4.3. Radiotherapy to the right lung maintain T-cell frequencies and ratios unaltered.

C57BL/6 mice were injected intravenously with KPB6.F1 cells. Mice were treated with
radiotherapy in the right lung on day 10 (1 dose 8 Gy) or on days 10, 12 and 14 (3 doses 8 Gy)
post cell injection. Tumour-bearing lungs were collected three and seven days after the last
dose of radiotherapy for both therapy regimen described. single cell suspensions of tumour
infiltrating lymphocytes were stained and evaluated by flow cytometry. (A) Scheme of
radiotherapy doses given to mice and the end points for each dose schedule. (B) Frequency
of regulatory, effector CD4* and CD8* T-cells from total CD3* in the left (L) and right (R) lung.
(C) Frequency of NK1.1* cells from total CD45* cells. (D) Ratio between CD8* T-cells, CD4*
effector T-cells or NK cells relative to regulatory T-cells in the tumour-bearing lungs.
Horizontal bars represent the mean, errors bars shown * standard error of the mean (SEM).
p values were calculated using non-parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p
<£0.05, **p £0.01, ***p <0.001, **** P <0.0001. Results from one experiment with at least
3 mice per condition.

As no significant differences were found in the frequency and ratios of T-cell
populations and NK cells when radiation therapy was administrated, the immune phenotype
of those populations was evaluated by measuring the expression of co-modulatory molecules
on the surface of those cells. The frequency of expression of different co-modulatory proteins
for individual mice was plotted as a heatmap for clarity purposes. It was observed that no
major changes in the expression of any of the markers was observed for all the populations

tested (Figure 4.4).
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Figure 4.4. Radiotherapy is unable to modify the activation phenotype of infiltrating T-cells
in the KPB6.F1 mouse model of lung cancer.

C57BL/6 mice were injected intravenously with KPB6.F1 cells and treated with localized
radiotherapy in the right lung as described above. Tumour infiltrating lymphocytes were
stained and evaluated by flow cytometry. Heatmap showing the frequency of co-inhibitory
and co-stimulatory molecules expressed by (A) three different T-cells subsets and (B) NK cells
in the tumour-bearing lungs. Results from one experiment with at least 3 mice per condition.

These results indicate that radiotherapy was ineffective in promoting a further
activation of TILs found in the lungs of mice carrying KPB6.F1 tumour. Interestingly, for all T-
cells compartments no differences were observed between untreated mice and radiotherapy-
treated mice, in both irradiated (right) and non-irradiated (left) lung. In the case of NK cells,
even though a trend toward reduction of the ratios was observed in radiotherapy-treated

mice, this may be attributed to variations between mice rather than radiation itself.

Taking these observations together, irradiation therapy failed to activate the immune

cells in the KPB6.F1-derived tumours, possibly by the low immunogenicity of the model.

Initial results of a clinical trial described longer overall survival and progression free-
survival after pembrolizumab treatment in NSCLC patients pre-treated with radiotherapy,
when compared with patients receiving pembrolizumab without previous radiotherapy
(Shaverdian et al., 2017). This benefit associated to the combination of radiotherapy and
pembrolizumab was observed regardless pre-treatment levels of PD-L1 expression, indicating
that radiotherapy promoted the patient’s response to immunotherapy (Shaverdian et al.,
2017). Unfortunately, no other immunomodulatory molecules were evaluated in the study.
In another phase | trial evaluating treatments for metastatic solid tumours, clinical benefit

from combination of ipilimumab and radiotherapy was correlated to increased CD8%*4-
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1BB*PD-1* cells in the periphery, observed in irradiated liver but not in irradiated lungs (Tang

et al., 2017).

Thus, as some clinical data suggest benefit of combination of radiotherapy and
checkpoint blockade, this is still restricted to a fraction of patients and no data from other
immunomodulatory molecules has been generated for NSCLC. Therefore, the KPB6.F1
tumour could be a good model to study types of lung cancer that not benefit from
combination of radiotherapy and checkpoints inhibitors, providing strategies to help the
development of treatments for this population of patients. Dozens of clinical trials phase | and
Il are currently evaluating the combination of radiotherapy with checkpoint blockade (NIH -
clinicaltrials.gov, 2018), which will provide more important information to compare with

murine models.

Given difficulties encountered with accessing a functional irradiator of desired
properties, this part of the project has been put on hold and studies in CMT-167 model are
yet to be carried out. Furthermore, a comparison to the clinical samples from lung cancer

patients treated with irradiation would be of interest.

4.5 Chemotherapy failed to induce activation of TiLs in the KPB6.F1

model

In addition to radiotherapy, another therapeutic intervention thought to impact the
TME within tumours is chemotherapy, hence we next sought to determine whether
chemotherapy could sensitise the tumour to immunotherapy by increasing the activation
status of tumour infiltrating T-cells in mice bearing KPB6.F1 tumours. In addition, to
counteract the potential accumulation of regulatory T-cells, an anti-CD25 mAb was tested
alone as an immunotherapy strategy for Treg depletion. The feasibility of targeting CD25
expressed on Treg cells through a depleting antibody has already been demonstrated by our
laboratory with promising therapeutic outcomes in different immunogenic mouse models of

fibrosarcoma and colorectal cancer (Arce Vargas et al., 2017).

The role of chemotherapy as a mean to sensitise tumours to antibody immunotherapy

has been widely described (Bracci et al., 2014). In the context of mouse models of lung cancer,
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Pfirschke and collaborators (Pfirschke et al., 2016) showed that the combination of
cyclophosphamide and oxaliplatin in another model of lung cancer derived from the
KrastSt/612D Trpg3flox/flox mjce induced the tumours to respond to combination therapy
targeting anti-PD-1 mAb plus anti-CTLA-4 mAb, promoting the infiltration of CD8* into the
adenocarcinoma nodules. For this reason, a single dose of both chemotherapies,
cyclophosphamide and oxaliplatin, alone and combined, and anti-CD25 migG2a mAb were
evaluated as different strategies to target regulatory T-cells and induce activation of

infiltrating effector CD4* and cytotoxic T-cells.

As a measure of the tumour burden the weight of the lungs was first evaluated, showing
that both chemotherapies (alone and together) induced a slight (although not significant)
increase in tumour burden. The same trend was observed between untreated and anti-CD25

mADb treated mice (Figure 4.5A).

The number of T-cells and NK cells normalised to the weight of the lung was also
calculated. Whilst the number of effectors CD4* and CD8* T-cells remained similar for all the
tested conditions, the number or Treg trended towards a reduction when compared to
untreated mice, especially when anti-CD25 mAb was used (Figure 4.5B). Furthermore, the
number of NK cells infiltrating the lungs was reduced in all the tumour-bearing mice when
compared with healthy lungs, with significant difference when cyclophosphamide was
administrated (Figure 4.5B). The CD8*/Treg and CD4*effector/Treg ratios also increased, with
significant differences when combination of cyclophosphamide and oxaliplatin and anti-
CD25-m2a mAb were given, showing the relative reduction of regulatory T-cells in the
tumour. On the contrary, the NK/Treg ratio remained similar within all tumour-bearing mice
(Figure 4.5C). The proliferation, measured as Ki67 expression, and Granzyme B production
were also diminished in all T-cell subsets and NK cells, which correlated with the tumour
burden of the treated mice (Figure 4.5D). To determine if chemotherapy in the KPB6.F1 model
was capable of increasing susceptibility of the tumour to immunotherapy, the expression of
immune modulatory molecules was evaluated on T-cells. NK cells were excluded from the
analysis due the low number of cells in the tumour-bearing samples that resulted in
misleading frequencies. The frequency of Treg cells expressing 4-1BB, CD25, GITR and OX-40
remained similar in all tumour bearing mice, but the frequency of ICOS* Treg cells decreased

when chemotherapy was given (Figure 4.6). Chemotherapy increased the frequency of
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effector T-cells expressing the activation markers 4-1BB, CD25 and GITR whilst a trend
towards a reduction in the frequency of ICOS*CD8* cells was also observed (Figure 4.6 A, B, C

and D).

The frequency of expression of immune checkpoints CTLA-4, LAG3 and PD-1 were also
evaluated on effector and regulatory T-cells with no significant differences after

chemotherapy or anti-CD25m2a mAb treatment (Figure 4.7).

Even though some differences in the frequency of modulatory receptors expressed on
effector CD4* and CD8* T-cells were observed, the reduction in proliferation suggests that
chemotherapy is not promoting the activation of these CD4* and CD8* T-cells. Therefore, we
hypothesised that chemotherapy does not sensitise KPB6.F1 tumours to respond to antibody
immunotherapies, considering the lack of upregulation of immunomodulatory targets and

impaired proliferation. Further experiments are needed to test this hypothesis.

Considering the difficulty of induce the activation of TILs in the KPB6.F1 model by
radiotherapy and chemotherapy, and the observation that NK cell presence in the tumour
microenvironment had an inverse correlation with the tumour burden, the next strategy was
to potentiate the activation of NK and T-cells through anti-4-1BB mAb treatment combined

with Treg depletion.
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Figure 4.5. Tumour-bearing mice treated with chemotherapy that developed more tumours
are correlated with reduced proliferation and Granzyme B production.

C57BL/6 mice were left untreated or injected intravenously with KPB6.F1 cells. Ten days later,
mice received 50 mg/Kg of cyclophosphamide (Cyclo), 2.5 mg/Kg of oxaliplatin (Oxa), a
combination of 50 mg/Kg cyclophosphamide plus 2.5 mg/Kg oxaliplatin (Cyclo + Oxa) or 200
ug of anti-CD25 mAb (clone PC61, mouse IgG2a). At day 21 mice were euthanized and lungs
were recovered, and a single cell suspension was stained and analysed by flow cytometry. (A)
Total weight of the lungs for each condition. (B) Normalised number of regulatory T-cell, CD4*
effector, CD8* T-cells and NK cells found in tumour bearing lungs. (C) Ratio between CD8* T-
cells, CD4* effector T-cells and NK cells relative to regulatory T-cells in the tumour-bearing
lungs. (D) Frequency of Granzyme B (GzmB*) and Ki67* cells from regulatory, CD4* effector,
CD8* T-cells and NK cells. Horizontal bars represent the mean, errors bars shown * standard
error of the mean (SEM). p values were calculated using non-parametrical analysis Kruskal-
Wallis test. ns = p > 0.05, *p < 0.05, **p <0.01, ***p <0.001, **** P < 0.0001. Results from
one experiment with 5 mice per condition.
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Figure 4.6. Chemotherapy treatment increased the frequency of 4-1BB, CD25 and GITR on
effector CD4* T-cells.

C57BL/6 mice were left untreated or injected intravenously with KPB6.F1 cells and treated
with chemotherapy or anti-CD25 mAb as explained in the previous figure. At day 21 mice were
euthanised, lungs were recovered, and a single cell suspension was stained and analysed by
flow cytometry. Graphs summarising the frequency from regulatory T-cells (CD4*FoxP3"),
effector CD4* (CD4*FoxP3°), and CD8* T-cells was determined for (A) 4-1BB, (B) CD25, (C) GITR,
(D) ICOS and (E) OX-40. Horizontal bars represent the mean, errors bars shown * standard
error of the mean (SEM). p values were calculated using non-parametrical analysis Kruskal-
Wallis test. ns = p > 0.05, *p < 0.05, **p <0.01, ***p <0.001, **** P < 0.0001. Results from
one experiment with 5 mice per condition.
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Figure 4.7. Chemotherapy treatment had no effect in frequency of expression of CTLA-4,
LAG3 and PD-1 on T-cells.

C57BL/6 mice were left untreated or injected intravenously with KPB6.F1 cells and treated
with chemotherapy or anti-CD25 mAb as explained before. At day 21 mice were euthanised,
lungs were recovered, and a single cell suspension was stained and analysed by flow
cytometry. Graphs summarising the frequency of expression of co-inhibitory checkpoints
from regulatory T-cells (CD4*FoxP3*), effector CD4* (CD4*FoxP3"), and CD8* T-cells was
determined for (A) CTLA-4, (B) LAG3 and (C) PD-1. Horizontal bars represent the mean, errors
bars shown * standard error of the mean (SEM). p values were calculated using non-
parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p < 0.05, **p <0.01, ***p < 0.001,
**%* P <0.0001. Results from one experiment with 5 mice per condition.
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4.6 Anti-4-1BB mAb therapy promotes proliferation and activation
of T-cells in the KPB6.F1 model

As mentioned, radiotherapy and chemotherapy failed to promote activation of
infiltrating T-cells. For this reason, according with the aims of this project, it was hypothesised
that anti-4-1BB mAb therapy may promote activation of infiltrating T-cells and NK cells in the
KPB6.F1 model of lung cancer. In order to avoid Treg suppression activity triggered by anti-4-

1BB mAb therapy, anti-CD25 mAb Treg depleting therapy was also evaluated in this context.

4-1BB is a co-stimulatory molecule member of the TNFR family normally upregulated
upon T-cell activation and associated to the stable generation of memory CD8* T-cells. It is
also expressed by other activated T-cells, NK cells and NKT cells (Kobayashi et al., 2015;
Weigelin et al., 2015; Willoughby et al., 2014; Moran et al., 2013). It has been described that
agonistic antibodies targeting 4-1BB lead to increased survival, proliferation and
accumulation of GzmB and perforin by CD8* T-cells, preventing also the anergy of those cells
(Wilcox et al., 2002; Hernandez-Chacon et al., 2011). Therefore, in the context of a cold
tumour microenvironment such as the KPB6.F1 model where minimal T-cell and NK cell
activity is observed, we hypothesised that agonistic antibodies against 4-1BB could drive

activation and function of both T-cells and NK cells compartments.

To test if an anti-4-1BB mAb strategy would be successful in activating T-cells and
promoting also NK function in the tumour, mice were treated with three doses of an agonistic
anti-4-1BB mAb (clone LOB12.3). A group of mice also received anti-CD25m2a mAb 24 hours
prior anti-4-1BB mAb treatment, to deplete regulatory T-cells as these cells could reduce the
potential in vivo activity of anti-4-1BB mAb. The tumour burden in the lungs was evaluated by
measuring the weight of the lungs, and no significant differences between the tested
conditions were observed (Figure 4.8A). The effectivity of anti-CD25m2a mAb in depleting
Treg cells in the lung was confirmed by the lower frequency and total number of Treg cells
observed in treated mice (Figure 4.8B and C). Whilst the total number of effectors CD4* T-
cells was not affected by anti-4-1BB mAb treatment, the antibody induced an increase in the

frequency and number of CD8* T-cells in the tumour (Figure 4.8B and C).

The reduction in the frequency of CD4* effector from total CD3* cells in anti-4-1BB

mAb treatment reflects an increased total CD3* driven by the increase in CD3*CD8" cells
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rather than a reduction of CD3*CD4*FoxP3" cells. On the other hand, NK cells significantly
decreased after anti-4-1BB mAb therapy (Figure 4.8B).

In order to evaluate the balance between effector and suppressive Treg cells, the
ratios were calculated for every condition, showing that combination of Treg depletion by
anti-CD25 mAb together with stimulation of T-cells by anti-4-1BB mAb gave the most
increased CD8*/Treg and CD4" effector/Treg ratios (Figure 4.8D). Due to the reduction of NK
cells after anti-4-1BB mAb treatment, the NK/Treg ratio just increased when anti-CD25 mAb

was given as monotherapy (Figure 4.8D).

Given the increased number of CD8* T-cells, proliferation was also evaluated. The
agonistic anti-4-1BB antibody was effective at promoting the proliferation of all T-cell subsets,
with higher increases in CD4* effector (from 20 to 50% of Ki67* cells) and CD8* T-cells, going
from 20 to 80% of CD8" cells expressing Ki67 (Figure 4.9B). Granzyme B production, by CD4*
and CD8* T-cells was also significantly increased by anti-4-1BB mAb by at least 5-fold (Figure
4.9A). On the contrary, proliferation of Treg was only slightly increased by anti-4-1BB mAb,
indicating a shift towards a less immunosuppressive microenvironment after the therapy
(Figure 4.9B). The increase in Ki67 expression by NK cells may suggest the start of
repopulation in the tumour by those cells after the treatment, but that remains to be

confirmed (Figure 4.9B).

The activation phenotype of the cells was also evaluated. In general, the frequency of
expression of co-stimulatory molecules on Treg cells remained similar between the three
treatment conditions and untreated mice (Figure 4.10). Effector CD4* and CD8* T-cells
increased the frequency of ICOS* cells after receiving anti-4-1BB mAb, without changes in the
frequency of expression of 4-1BB, CD25, GITR and OX-40 on those effector T-cells (Figure
4.10). We also evaluated the expression of co-inhibitory checkpoints on T-cells. Following
anti-4-1BB mAb treatment, we observed an increase in the frequency of TIGIT* Treg cells,
whilst no changes in the frequency of Treg cells expressing CTLA-4, LAG3 or PD-1 was
observed (Figure 4.11). On the contrary, significant increases in the frequency of expression
of LAG3, PD-1 and TIGIT were observed in CD4*FoxP3™ and CD8* T-cells after anti-4-1BB mAb
immunotherapy, demonstrating the activation of both T-cell subsets by the therapy, which
was correlated to increased GzmB production (Figure 4.11). The percentage of CTLA-4
expressing CD4* and CD8* T-cells also increased, but to a lower extend (Figure 4.11).
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Figure 4.8. Anti-4-1BB mAb treatment promotes higher frequency and number of CD8* T-
cells and increased ratios in tumour-bearing lungs.

C57BL/6 mice were left untreated or injected intravenously with KPB6.F1 cells. Six days after,
a group of mice received one dose of 200 ug of anti-CD25 mAb (clone PC61, mouse IgG2a)
and later, mice were treated with 200 ug of anti-4-1BB mAb (clone LOB12.3 rat IgG1) on days
7, 10 and 13. At day 17 mice were euthanized and lungs were recovered. Lungs were
processed, and a single cell suspension was stained and analysed by flow cytometry. (A) Total
weight of the lungs for each condition. (B) Frequency of regulatory, CD4* effector and CD8*
T-cells from CD3* gate and frequency of NK1.1* from total live cells. (C) Total number
normalised to the weight of the lungs of regulatory, CD4* effector, CD8* T-cells and NK cells.
(D) Ratio between CD8* T-cells, CD4* effector T-cells and NK cells relative to regulatory T-cells
in the tumour-bearing lungs. Horizontal bars represent the mean, errors bars shown +
standard error of the mean (SEM). p values were calculated using non-parametrical analysis
Kruskal-Wallis test. ns = p > 0.05, *p < 0.05, **p <0.01, ***p <0.001, **** P <0.0001. Results
from one experiment with 5 mice per condition.
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Figure 4.9. Anti-4-1BB mAb treatment promotes Granzyme B production and proliferation
in tumour-bearing lungs.

C57BL/6 mice were left untreated or injected intravenously with KPB6.F1 cells. Mice received
one dose of 200 pg of anti-CD25 mAb (clone PC61, mouse IgG2a) at day 6 and later were
treated with 200 g of anti-4-1BB mAb (clone LOB12.3 rat IgG1) on days 7, 10 and 13. At day
17 mice were euthanized and lungs were recovered. Lungs were processed, and a single cell
suspension was stained and analysed by flow cytometry. Frequency of (A) Granzyme B
(GzmB*) and (B) Ki67* cells from regulatory, CD4* effector, CD8* T-cells and NK cells.
Horizontal bars represent the mean, errors bars shown + standard error of the mean (SEM).
p values were calculated using non-parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p

<0.05, **p <0.01, ***p < 0.001, **** P < 0.0001. Results from one experiment with 5 mice
per condition.
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Figure 4.10. Immunotherapy with agonistic anti-4-1BB mAb increased 4-1BB, GITR and ICOS
expression on CD4* T-cells.

C57BL/6 mice were left untreated or injected intravenously with KPB6.F1 cells and treated
anti-CD25 mAb and anti-4-1BB mAb as explained before. At day 21 mice were euthanised,
lungs were recovered, and a single cell suspension was stained and analysed by flow
cytometry. Graphs summarising the frequency from regulatory T-cells (CD4*FoxP3*), effector
CD4* T-cells (CD4*FoxP37), CD8* T-cells and NK cells was determined for (A) 4-1BB, (B) CD25,
(C) GITR, (D) ICOS and (E) OX-40. Horizontal bars represent the mean, errors bars shown *
standard error of the mean (SEM). p values were calculated using non-parametrical analysis
Kruskal-Wallis test. ns = p > 0.05, *p <0.05, **p <0.01, ***p <0.001, **** P <0.0001. Results
from one experiment with 5 mice per condition.
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Figure 4.11. Immunotherapy with anti-4-1BB mAb increased the frequency of expression of
the inhibitory checkpoints CTLA-4, LAG3, PD-1 and TIGIT on CD4* and CD8* T-cells.

C57BL/6 mice were left untreated or injected intravenously with KPB6.F1 cells and treated
with anti-CD25 mAb and anti-4-1BB mAb as explained before. After 21 days mice were
euthanised and a single cell suspension from the lungs was analysed by flow cytometry.
Graphs summarising the frequency from regulatory T-cells (CD4*FoxP3*), effector CD4* T-cells
(CD4*FoxP37), CD8* T-cells and NK cells was determined for (A) CTLA-4, (B) LAG3, (C) PD-1 and
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(D) TIGIT. Horizontal bars represent the mean, errors bars shown * standard error of the mean
(SEM). p values were calculated using non-parametrical analysis Kruskal-Wallis test. ns = p >
0.05, *p £0.05, **p <0.01, ***p <0.001, **** P <0.0001. Results from one experiment with
5 mice per condition.

NK cells also slightly increased the expression of LAG3 and TIGIT after the treatment,
without statistically significant changes in the expression of the other proteins evaluated

(Figure 4.10 and 4.11).

In summary, anti-4-1BB agonistic mAb promoted the proliferation, Granzyme B
production and the upregulation of ICOS, LAG3, PD-1 and TIGIT on CD4* effector and CD8* T-
cells, without significant activation of regulatory T-cells. When combined with Treg depletion,
anti-4-1BB mAb plus anti-CD25 mAb therapy significantly increased the CD8*/Treg, CD4*
effector/Treg and NK/Treg ratios in the tumour, showing a signature of an active immune
response in the tumour microenvironment of the KPB6.F1 model, which was described
previously as a cold tumour. Nevertheless, no differences in the tumour burden were
observed despite the shift in the immune cell balance driven by the treatment. Based on the
above described data, a combination of anti-4-1BB mAb with antibodies targeting the co-
inhibitory receptors upregulated in response to anti-4-1BB (anti-LAG3 mAb or anti-TIGIT mAb)
were evaluated in the KPB6.F1 model in order to determine whether those pathways were

negatively controlling tumour rejection.

4.7 Combination therapy of anti-4-1BB mAb with checkpoint

blockade failed to control tumour burden of the KPB6.F1 model

Considering the sharp rise in the frequency of expression of the checkpoints PD-1, TIGIT
and LAG3 after anti-4-1BB mAb therapy on CD8* T-cells, the combination of anti-4-1BB mAb
with blocking antibodies targeting TIGIT or LAG3 were tested in the KPB6.F1 model of lung
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cancer. As a dramatic increase in the activation of T-cells by anti-4-1BB mAb therapy was
observed, the dose of anti-4-1BB mAb given to the mice was decreased from 200 pg to 100
ug per injection. To promote higher CD8*/Treg, CD4" effector/Treg and NK/Treg ratios, a
single dose of anti-CD25 mAb was also given to a group of mice one day before starting the

combination therapy, to deplete Treg cells.

When the tumour burden was evaluated, no statistically significant differences were
observed between the treatments, even though a trend toward less weight of the lungs was
observed with the combination of anti-4-1BB mAb and anti-TIGIT mAb (Figure 4.12A).
Representative images are also shown to illustrate the tumour nodules in the lungs (Figure
4.12B). To check if the effects already described for anti-4-1BB mAb alone in this model were
replicated in the combination, the frequency and normalised number of the main T-cell
subsets and NK cells were calculated. The effect of anti-CD25 mAb was confirmed with the
reduction of the frequency of Treg cells from total CD3* cells and the normalised number of
Treg to the mass of the tissue (Figure 4.12C and D). Additionally, the frequency of CD3*CD8*
also increased in all treatments with anti-4-1BB mAb when compared with untreated mice
(Figure 4.12C and D). Correlated with the high tumour burden observed in the lungs, a lower
number of NK cells were observed in all tumour bearing mice (Figure 4.12D). As described
before, the CD8*/Treg ratio and CD4*effector/Treg ratio also increased with anti-4-1BB mAb,
with ratios being higher upon anti-CD25 mAb treatment (Figure 4.12E). In accordance to
lower NK cells, NK/Treg also decreased (Figure 4.12E). Granzyme B production and
proliferation of effector CD4* and CD8* T-cells were also increased by the combination
therapies as before with anti-4-1BB mAb alone, indicating that cytotoxic function of CD8* T-
cells was not promoted further by anti-TIGIT mAb or anti-LAG3 mAb blocking function (Figure
4.13A and B). Also, a small increase in GzmB* Treg cells was observed in mice treated with
anti-4-1BB mAb combined with anti-TIGIT mAb, recovering the frequency observed in healthy
mice (Figure 4.13). Due to Treg depletion, the significant increase of the fraction of GzmB*

Treg cells may be considered biologically irrelevant (Figure 4.13A).

Interestingly, NK cells from all treated group also increased their proliferation when
compared with untreated mice, indicating anti-4-1BB mAb is promoting the repopulation of
these cells in the tumour microenvironment, as observed previously with anti-4-1BB mAb

alone (Figure 4.13B).
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Figure 4.12. Combination therapy with anti-4-1BB mAb and anti-TIGIT mAb or anti-LAG3
mAb promotes higher frequency of CD8* T-cells and T-effector/Treg ratios in tumour-
bearing lungs.

C57BL/6 mice were left untreated or injected intravenously with KPB6.F1 cells. Six days later,
some mice received one dose of 200 pg of anti-CD25 mAb (clone PC61, mouse IgG2a) and
later, mice were treated concomitantly with 100 pg of anti-4-1BB mAb (clone LOB12.3 rat
IgG1) plus 200 pg anti-TIGIT mAb (clone 1G9, mouse 1gG1) or 200 ug anti-LAG3 mAb (clone
C9B7W, rat IgG1) on days 7, 10 and 13. At day 17 mice were euthanized and lungs were
recovered. Lungs were processed, and a single cell suspension was stained and analysed by
flow cytometry. (A) Total weight of the lungs for each condition. (B) Representative pictures
for each condition (C) Frequency of regulatory, CD4* effector and CD8* T-cells from CD3* gate
and frequency of NK1.1* from total live cells. (D) Total number normalised to mass of tissue
of regulatory, CD4* effector, CD8* T-cells and NK cells. (E) Ratio between CD8* T-cells, CD4*
effector T-cells and NK cells relative to regulatory T-cells in the tumour-bearing lungs.
Horizontal bars represent the mean, errors bars shown +* standard error of the mean (SEM).
p values were calculated using non-parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p
<0.05, **p <£0.01, ***p <0.001, **** P < 0.0001. Combined results from two experiments

with 5 mice per condition each.
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Figure 4.13. Anti-4-1BB mAb treatment in combination with anti-TIGIT mAb or anti-LAG3
mAb keeps its ability to promote Granzyme B production and proliferation in TIiLs from
tumour-bearing lungs.

C57BL/6 mice were left untreated or injected intravenously with KPB6.F1 cells. Mice received
one dose of 200 pg of anti-CD25 mAb at day 6 and later were treated concomitantly with 100
ug of anti-4-1BB mAb combined with 200 pg of anti-TIGIT mAb or 200 pg of anti-LAG3 mAb
ondays 7,10 and 13. At day 17 mice were euthanized, lungs were processed, and a single cell
suspension was stained and analysed by flow cytometry. Frequency of (A) Granzyme B
(GzmB*) and (B) Ki67* cells from regulatory, CD4* effector, CD8* T-cells and NK cells.
Horizontal bars represent the mean, errors bars shown + standard error of the mean (SEM).
p values were calculated using non-parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p
<0.05, **p £0.01, ***p < 0.001, **** P < 0.0001. Combined results from two experiments
with 5 mice per condition each.
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As the frequency of the T-cell subsets and NK compartments in the tumour
microenvironment remained unchanged between anti-4-1BB mAb monotherapy and the
combination therapies when antibody checkpoint blockade was used, the expression of
immunomodulatory molecules was evaluated. Similar as upon anti-4-1BB mAb alone
treatment, the combination of anti-4-1BB mAb with anti-TIGIT mAb or anti-LAG3 mAb
increased the expression of ICOS and 4-1BB on the surface of CD8* T-cells, with increased ICOS
expression also on Treg and CD4* effector cells (Figure 4.14). More importantly, when co-
inhibitory checkpoints were evaluated, the frequency of expression of LAG3, PD-1 and TIGIT
remained high on CD8* T-cells and CD4* effectors when combined therapy was given. The
activation of those T-cells resembles the effects of anti-4-1BB mAb alone (Figure 4.15). It is
important to notice that the antibodies for staining LAG3 and TIGIT were partially blocked by
the therapeutic antibodies administered before, therefore detected low frequencies of TIGIT
expression in the samples from anti-TIGIT mAb treated mice is not reflecting the actual cells
expressing TIGIT. Similarly, frequency of LAG3*CD8* were masked due to a competition for
the antigen between the same clone used for treatment and staining (Figure 4.15A and C).
There were not significant differences in the expression of CTLA-4, GITR and OX-40 between

treated and untreated mice on all T-cell subsets evaluated (Supplementary Figure 7.7).

In summary, finding the right combination therapy based on the scientific evidence
(rational combination immunotherapy) in the KPB6.F1 model was unsuccessful. Even though
T-cell activation was promoted by anti-4-1BB mAb therapy, which lead to increased granzyme
B production, proliferation and the expression of different activation markers, no tumour
growth control upon treatment with any of the above described combinations was observed.
When specific checkpoints upregulated by anti-4-1BB mAb such as LAG3 and TIGIT were
concomitantly blocked by antibody therapy, no improvement was observed. One possibility
is that due to its poor mutational burden, the KPB6.F1 model is poorly immunogenic and lacks
the capacity to deliver signal 1 (TCR recognition of the peptide/MHC complex) to effector T-
cells from TlLs, and that the activation we observed is bystander non-tumour reactive T-cells
within the tumour. Future experiments will address the combination of radiation therapy and
anti-4-1BB with the aim to increase antigen release and presentation prior to anti-4-1BB co-

stimulation.
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Figure 4.14. Treatment with anti-4-1BB mAb combined with anti-TIGIT mAb or anti-LAG3
mAb promoted increased frequency of ICOS expression on CD4* and CD8* T-cells.

C57BL/6 mice were left untreated or injected with KPB6.F1 cells. Later, mice were treated
with anti-CD25 mAb and concomitant doses of anti-4-1BB mAb plus anti-TIGIT mAb or anti-
LAG3 mAb, and samples were analysed as explained before. Graphs summarising the
frequency from regulatory T-cells (CD4*FoxP3*), effector CD4* T-cells (CD4*FoxP3°), CD8* T-
cells and NK cells was determined for (A) 4-1BB, (B) CD25 and (C) ICOS are shown. Horizontal
bars represent the mean, errors bars shown * standard error of the mean (SEM). p values
were calculated using non-parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p < 0.05,
**p <0.01, ***p <0.001, **** P < 0.0001. Combined results from two experiments with 5
mice per condition each.
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Figure 4.15. Combination therapy with anti-4-1BB mAb plus anti-TIGIT mAb or anti-LAG3
mAb increased the frequency of CD4* and CD8* T-cells expressing the inhibitory checkpoints
LAG3, PD-1 and TIGIT.

C57BL/6 mice were left untreated or injected with KPB6.F1 cells. Later, mice were treated
with anti-CD25 mAb and concomitant doses of anti-4-1BB mAb plus anti-TIGIT mAb or anti-
LAG3 mAb and samples were analysed as explained before. Graphs showing the frequency
from regulatory T-cells (CD4*FoxP3*), effector CD4* T-cells (CD4*FoxP37), CD8* T-cells and NK
cells was determined for (A) LAG3, (B) PD-1 and (C) TIGIT. Horizontal bars represent the mean,
errors bars shown + standard error of the mean (SEM). p values were calculated using non-
parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p < 0.05, **p <0.01, ***p < 0.001,
**%* P <0.0001. Combined results from two experiments with 5 mice per condition each.
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4.8 Combination of anti-4-1BB mAb and anti-CD25 mAb promotes

tumour reduction in the CMT-167 model

Considering the effectivity of anti-4-1BB mAb therapy in promoting a wide activation
of TlLs in the mouse model of lung cancer KPB6.F1, the same rationale was tested in the CMT-
167 mouse model of lung cancer. As shown previously in this work, the KPB6.F1 and CMT-167
models of lung cancer show similar ratios and level of activation markers on T-cells (Figure
4.1 and 4.2). CMT-167 is a metastatic model of lung cancer that has previously shown partial
sensitivity to anti-PD-1 mAb and anti-PD-L1 mAb therapy, when the CMT-167 cell line
constitutively expressed luciferase (Li et al., 2017a). Therefore, if the activation driven by anti-
4-1BB mAb previously seen in the KPB6.F1 model can be replicated in the CMT-167 model
and translated into effective tumour control, we will be able to compare the mechanisms

defining the responsiveness to anti-41BB therapy.

Mice were injected intravenously with CMT-167 cells and were treated with three
doses of an agonistic anti-4-1BB mAb (clone 3H3, mouse IgG1, 50 ug per dose). As before,
some mice received one dose of a depleting anti-CD25 mAb (TUSKC22, mouse IgG2a) to
eliminate regulatory T-cells. The mice that received anti-CD25 mAb or anti-4-1BB mAb alone
had slightly smaller lung weight than the untreated group suggesting lesser tumour growth,
although the differences were not statistically significant (Figure 4.16A). When combination
therapy anti-CD25 mAb and anti-4-1BB mAb was given, the weight of the lungs decreased
further when compared to untreated mice, however this trend to lesser tumour burden was
not statistically significant (Figure 4.16A). Another way to measure tumour burden in mouse
models of cancer is through the metastasis index. Briefly, tumour slides are recovered and
haematoxylin and eosin (H&E) staining, then the total metastasis volume is normalised to the
lung volume (Qian et al., 2009). The metastasis index was calculated for all tumour-bearing
left lungs, and even though no significant differences were observed, the metastasis index
clearly replicated the trend towards lower metastasis in those mice treated with the

combination therapy (Figure 4.16 B).

The composition of T-cell subsets was also evaluated. The frequency of Treg and
effector CD4* cells from total CD3"* cells was reduced in mice receiving combination of anti-4-

1BB mAb plus anti-CD25 mAb, which was driven mostly by a sharp increase of CD8* T-cells
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(Figure 4.16C and D). The frequency and total number of NK cells was dramatically reduced
by anti-4-1BB mAb therapy, interestingly not correlated with the tumour burden of the lungs

as observed previously in the KPB6.F1 model (Figure 4.16 C and D).

The ratios were calculated, re-confirming the importance of Treg depletion to
promote higher frequency of CD4* and CD8* cells in relation to Treg cells present in the
tumour (Figure 4.16E). As observed previously in the KPB6.F1 model, anti-4-1BB mAb
agonistic antibody promoted granzyme B production by almost all CD8* and the totality of
CD4* FoxP3 cells when combined with anti-CD25 mAb depleting antibody (Figure 4.17A).
Proliferation was also significantly augmented in all three T-cell subsets and NK cells after
anti-4-1BB mAb therapy (Figure 4.17B). Even though a trend towards increased frequency of
ICOS was observed on all T-cells subsets, those were no significant, indicating another

difference with the KPB6.F1 model (Figure 4.18B).

Another effect of anti-4-1BB mAb therapy was the increase in the frequency of 4-
1BB*CD4* T-cells, from 10% to 30% after treatment (Figure 4.18A) whilst no difference of

CD25, GITR and OX-40 on all T-cells populations was observed (Supplementary figure 7.8).
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Figure 4.16. Anti-4-1BB mAb treatment promotes higher frequency and number of CD8" T-
cells and increased ratios in tumour-bearing lungs.

C57BL/6 mice were left untreated or injected intravenously with CMT-167 cells. Five days
later, some mice received one dose of 200 pg of anti-CD25 mAb (TUSKC22, mouse 1gG2a) and
later, mice were treated with 50 pg of anti-4-1BB mAb (clone 3H3 mouse IgG1) on days 6, 9
and 12. At day 19 mice were euthanized and lungs were recovered. Lungs were processed,
and a single cell suspension was stained and analysed by flow cytometry. (A) Total weight of
the lungs for each tested condition. (B) Metastasis index obtained from quantification of H&E
slides from the left lung of the mice. (C) Frequency of regulatory T-cells, CD4* effector and
CD8* T-cells from CD3* gate and frequency of NK1.1* from CD45* gated cells. (D) Total number
normalized to mass of tissue of regulatory, CD4* effector, CD8* T-cells and NK cells. (E) Ratio
between CD8* T-cells, CD4* effector T-cells and NK cells relative to regulatory T-cells in the
tumour-bearing lungs. Horizontal bars represent the mean, errors bars shown + standard
error of the mean (SEM). p values were calculated using non-parametrical analysis Kruskal-
Wallis test. ns = p > 0.05, *p < 0.05, **p <0.01, ***p <0.001, **** P < 0.0001. Results from
one experiment with 5 mice per condition.
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Figure 4.17. Anti-4-1BB mAb treatment promotes Granzyme B production and proliferation
in the CMT-167 model of lung cancer.

C57BL/6 mice were left untreated or injected intravenously with CMT-167 cells. Mice received
one dose of 200 ug of anti-CD25 mAb (TUSKC22) at day 5 and then they were treated with 50
pg of anti-4-1BB mAb on days 6, 9 and 12, as described above. At day 19 lungs were recovered
and the single cell suspension was stained and analysed by flow cytometry. Frequency of (A)
Granzyme B (GzmB*) and (B) Ki67* cells from regulatory, CD4* effector, CD8* T-cells and NK
cells are shown. Horizontal bars represent the mean, errors bars shown * standard error of

the mean (SEM). p values were calculated using non-parametrical analysis Kruskal-Wallis test.
ns = p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, **** P < 0.0001. Results from one
experiment with 5 mice per condition.
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Figure 4.18. Anti-4-1BB mAb treatment increased the frequency of 4-1BB* and ICOS* T-cells
in the CMT-167 model of lung cancer.

C57BL/6 mice were left untreated or injected intravenously with CMT-167 cells. Mice were
treated with one dose of 200 pg of anti-CD25 mAb at day 5 and with three doses of 50 ug of
anti-4-1BB mAb on days 6, 9 and 12, as described above. At day 19 lungs were recovered and
the single cell suspension was stained and analysed by flow cytometry. Frequency of the co-
stimulatory molecules (A) 4-1BB and (B) ICOS expressed on regulatory T-cells, CD4* effector,

CD8* T-cells and NK cells are shown. Horizontal bars represent the mean, errors bars shown

+ standard error of the mean (SEM). p values were calculated using non-parametrical analysis
Kruskal-Wallis test. ns = p > 0.05, *p < 0.05, **p <0.01, ***p <0.001, **** P <0.0001. Results
from one experiment with 5 mice per condition.
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Interestingly, when inhibitory checkpoints were evaluated in the tumour
microenvironment of the CMT-167 model, it was found that the drastic increase in the
frequency of expression of LAG3 and TIGIT observed in KPB6.F1 tumours was not replicated
(Figure 4.19). For example, the percentage of LAG3*CD8* cells remained similar between all
the CMT-167 tumour-bearing mice, in contrast to the 8-fold increase detected in the KPB6.F1
model (Figure 4.19A). On the other hand, LAG3*CD4" effector cells frequency rose from 6% to
20% in the CMT-167 model, whilst the rise in KPB6.F1 tumours was steeper, from 1% to 20%
in average, reaching both models around 20% expression LAG3 on effector T-cells (Figure
4.19A). As KPB6.F1-derived TILs had very low frequency of TIGIT expression, anti-4-1BB mAb
treatment increased the TIGIT* population of CD8* and effector CD4* from 5% to 50% (Figure
4.11D). In contrast, in the CMT-167 model TIGIT frequency increased on effector CD4* T-cells,
from average 10% to 30%, remaining without changes on CD8* after anti-4-1BB mAb (Figure
4.19C). The frequency of expression of the immune checkpoint protein PD-1 was increased
on effector CD4* and CD8* T-cells in both models of lung cancer after anti-4-1BB mAb
treatment. Whilst in the KPB6.F1 tumours PD-1 expression rose from 5% to 50% on effector
CD4* and CD8* T-cells (Figure 4.11C), in the CMT-167 model the frequency augmented from
35% to 75% in average for those T-cell populations (Figure 4.19B). Interestingly, the frequency
of CD8*PD-1* cells remained similar between untreated and combination treated groups with
anti-4-1BB mAb and anti-CD25 mAb in the CMT-167 model. The frequency of PD-1 on Treg
diminished upon treatment with the combination (Figure 4.19B), different to what was
observed in the KPB6.F1 model. The frequency of expression of the co-inhibitory molecule
TIM-3 also rose on all T-cell subsets and NK cells, with significant differences just on NK cells
(Figure 4.19D). The levels of CTLA-4 expression remained unchanged in all treatment groups,

like in the KPB6.F1 model (Supplementary figure 7.8).

In general, the rationale-based combination immunotherapy of anti-4-1BB mAb
together with anti-CD25 mAb proved to be a good strategy for treatment of mice bearing
CMT-167 lung cancer tumours as observed by the weight of the lungs and metastasis index;

despite that the KPB6.F1 lung tumour did not responded to the same therapy.
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Figure 4.19. Increased expression frequency of checkpoints after anti-4-1BB mAb treatment
in the CMT-167 model of lung cancer.

C57BL/6 mice were left untreated or injected intravenously with CMT-167 cells. Mice were
treated with one dose of 200 pg of anti-CD25 mAb at day 5 and with three doses of 50 ug of

182



anti-4-1BB mAb on days 6, 9 and 12, as described above. At day 19 lungs were recovered and
the single cell suspension was stained and analysed by flow cytometry. Graphs indicating the
expression frequency of the co-inhibitory checkpoints (A) LAG3, (B) PD-1, (C) TIGIT and (D)
TIM-3 on regulatory T-cells, CD4* effector, CD8* T-cells and NK cells are shown. Horizontal
bars represent the mean, errors bars shown * standard error of the mean (SEM). p values
were calculated using non-parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p < 0.05,
**p <0.01, ***p < 0.001, **** P < 0.0001. Results from one experiment with 5 mice per

condition.

Considering that for some checkpoints as TIGIT and LAG3, higher frequency of
expression of CD8* and CD4" effector cells was observed in the non-responder KPB6.F1 model
after therapy, it is clear that co-activation (by agonistic antibodies as anti-4-1BB mAb) and the
blocking of inhibitory signals by immunotherapy can only be translated in tumour control
benefit when a certain degree of T-cell activation is already present in the tumour
microenvironment. Possibly, the slightly higher levels of PD-1, TIGIT and LAG3 in untreated
mice bearing CMT-167 tumours when compared with KPB6.F1 bearing mice suggest a degree
of initial activation in absence of therapy. This initial activation may be due to tumour
recognition by the tumour-infiltrating T-cells in the sample or by the lack of other
immunosuppressive signals present in others tumour microenvironments, for example the

KPB6.F1 model.
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5 General Discussion

Checkpoint inhibitor-based immunotherapy has proven to be an effective anti-tumour
strategy, resulting in long lasting responses in a restricted group of patients (McDermott et
al.,, 2013). Therefore, the need to develop new and more effective therapies, in order to

achieve complete responses in more patients, is urgently needed.

In the course of the research presented in this thesis, with the help of mouse models,
we undertook the challenge of a rational design of new immunotherapies from two different

perspectives:

1. The first approach entailed targeting the tumour-infiltrating T-cells by an antibody
specific to a co-stimulatory molecule highly expressed in the tumour
microenvironment (ICOS), which has been suggested to have an important role in
tumour control and testing it in vivo. We showed preclinical evidence that ICOS,
currently intensively investigated in clinical development, may be inefficient in
eliminating tumours as monotherapy and in combination with two checkpoint
inhibitors (CTLA-4 and PD-1) already approved by regulatory bodies, such as FDA and
its equivalents in other countries.

2. With the development of two mouse models of lung cancer, we were able to propose
and test different treatment strategies, based on the data of the frequency of
expression of co-modulatory molecules in the tumour-infiltrating lymphocytes from
untreated and treated mice. In this way, changes in the tumour microenvironment

drove the proposal of new treatments that may be later translated to the clinic.

Both approaches in the design and proposal of therapies had their own challenges. For
ICOS, we described an unexpected effect of the antibody in the number of T-cells infiltrating
the tumour microenvironment. On the other hand, for models of lung cancer and the testing
of new combination therapies, we described different approaches that failed to promote an
activation of infiltrating T-cells in the KPB6.F1 model. This was evident when comparing the

response to anti-4-1BB mAb plus anti-CD25 mAb therapy between both models.

This work showed that even slight differences in the expression levels of

immunomodulatory molecules on T-cells could determine the efficacy of the treatment in the
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clinic. Furthermore, the field requires further research into discovery of novel biomarkers that
would reliably predict the probability of the patient responding to the treatment. Small
differences in level of expression can be an unreliable strategy leading to patients receiving

inappropriate treatments.

5.1 Anti-ICOS agonistic antibody promoted the elimination of T-cells
in the tumour, leading to negative outcomes in preclinical

tumour models.

The data presented in this thesis shows that the use of an agonistic anti-ICOS mAb as
an anti-tumour therapy in mouse models of cancer did not improve survival of mice. We used
the 37A10 anti-ICOS mAb clone, which is a mouse and human cross-reactive antibody
according to its description in a public available patent (Sazinsky et al., 2016). We evaluated
the correct binding of the antibody in mouse (Figure 3.1B) and human cells (Supplementary
figure 7.1B) and tested its agonistic activity in vitro by an assay designed during this study

(Figure 3.1C), before producing two different mouse isotypes of that antibody.

It was hypothesised at the beginning of this project, that the best potential strategy to
create an anti-ICOS antibody with good tumour-eliminating properties would be designing it
so that it is agonistic and of a non-depleting isotype. It was speculated that such properties
would promote the function of activated T-cells that have upregulated ICOS expression as a
result of other therapies, such as anti-CTLA-4 mAb blockade (Carthon et al., 2010; Di Giacomo
et al., 2013). This hypothesis was in opposition to the approach taken by Jounce and its ICONIC
trial (NCT02904226) that is currently evaluating the clinical efficacy of an anti-ICOS mAb
human IgG1 (depleting) isotype as monotherapy and in combination with nivolumab (an anti-
PD-1 mAb). Our experiments, in a variety of mouse models, showed clearly that there was no
benefit in the survival of the mice compared to the control group for an anti-ICOS m2a mAb
(depleting) isotype as a monotherapy nor in combination with PD-1 (Figure 3.3). These
findings were consistent with the first reports of the ICONIC trial presented in ASCO 2018
where the clinical benefit of combination therapy was mild, without benefit of anti-ICOS mAb
treatment alone (Yap et al., 2018). Therefore, it was hypothesised that mice treated with
combination therapy of anti-PD-1 mAb and anti-ICOS migG1 mAb, to avoid T-cell depletion,
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should bring survival benefit in the CT26 mouse model over the untreated group (Figure 3.4
and 3.5). Unexpectedly, no survival benefit with the non-depleting migG1 isotype of anti-ICOS
mAb combined with anti-PD-1 mAb or anti-ICOSm1 mAb as monotherapy was observed. The
failure of anti-ICOSm1 mAb as monotherapy to promote tumour control or survival benefit in
treated mice gave some evidence of a lack of agonistic function in vivo. Furthermore, the
absence of survival benefit between mice that received anti-PD-1 mAb alone and mice treated
with anti-ICOSm1 mAb combined with anti-PD-1 mAb also suggested a missing agonistic
function. Additionally, even though significant differences in the survival curves were
observed between both combination therapies (anti-PD-1 mAb combined with anti-ICOSm1
mAb versus combination with anti-ICOSm2a mAb, Figure 3.5), we believe the difference
observed was mostly due to the effective depletion of activated T-cells driven by anti-
ICOSm2a mAb therapy rather than the agonistic function promoted by anti-ICOSm1 mAb in

combination setting.

Moreover, when a functional assay comparing the effect in the tumour
microenvironment of both isotypes was run, it became apparent that no agonistic function
could be clearly attributed to the anti-ICOSm1 mAb due to elimination of T-cells in the tumour
microenvironment by both isotypes (Figure 3.6). No significant differences were observed in
the frequency and number of cells after either isotype of the anti-ICOS mAb in draining LNs
(Figure 3.6). Even though the elimination of tumour-infiltrating T-cells was predicted for anti-
ICOSm2a mAb, the elimination of T-cells by anti-ICOSm1 mAb, to a lesser degree than migG2a
isotype, was striking. By using a mouse model lacking activating FcyRs and a blocking anti-
CD16/CD32 mADb, to block Fc engagement by FcyRllb, it has been demonstrated that the
elimination of T-cells driven by anti-ICOSm1 mAb was independent of FcyR-engagement
(Figure 3.9). In this setting, even though the frequency of Treg, CD4* effector and CD8"* T-cells
was similar compared to untreated wild-type mice, when the number of tumour-infiltrating
T-cells normalised to the weight of the tumour was calculated, they were equally reduced —
as in anti-ICOSm1-treated wild-type mice (Figure 3.8 and 3.9). Interestingly, when FcyRIlb”
mice were treated with anti-ICOSm1 mAb, a reduction in the percentage of Tregs from total
CD3* cells was observed from an average 15% in untreated WT mice, to 7% in WT mice treated
with anti-ICOSm1 mAb and 1% in FcyRIIb”" mice treated with anti-ICOSm1 mAb (Figure 3.10).

Subsequently, the total normalised number of infiltrating T-cells also decreased (Figure 3.11).
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This is consistent to previous observations that in the absence of the inhibitory FcyRllb, a
mlgG1 increases its A:l ratio favouring depletion of cells expressing the antigen by binding to
the activating FcyRIIl (Nimmerjahn et al., 2005). This experiment also confirmed the preferred
engagement of the anti-ICOSm1 mAb to the FcyRIlb and the effective inhibitory signalling
triggered by the engagement of the migG1 fraction of the anti-ICOSm1 mAb by the FcyRlIb.

The most important confirmation that anti-ICOS mAb may not provide any
demonstrable clinical benefit was obtained when hFcyR mice were used. Anti-ICOS mAbs with
human IgGs were tested in the mouse model that recapitulates human FcyRs (Smith et al.,
2012), to generate evidence for T-cell elimination in a human-like context. The data clearly
showed reduced frequency of Tregs upon treatment with either of the isotypes, hlgG1 and
higG4, similarly to what was described for mouse IgGs previously in this work (Figure 3.17).
Even though no significant reduction in the frequency of effector CD4* and CD8* T-cells was
observed, the numbers of cells trended toward a reduction in all T-cell subsets, with no
statistical significance for both isotypes. These results provide a plausible explanation of the
mechanism of action behind the unsatisfactory results of tumour growth control observed so
far in the clinical trial ICONIC (Yap et al., 2018) and predicts an unfavourable outcome of the
INDUCE-1 trial (by GSK, NCT02723955), which tests anti-ICOS hlgG4 mAb isotype.
Interestingly, as the observation of T-cell elimination is restricted to the tumour in the mouse
models, the blood immunophenotyping planned for patients on these trials may not be able

to detect the intra-tumoral T-cell elimination.

Considering the relationship between anti-CTLA-4 mAb therapy and the upregulation of
ICOS by T-cells described before (Carthon et al., 2010; Di Giacomo et al., 2013), the
combination of anti-CTLA-4 mAb with both anti-ICOS mAb isotypes was evaluated. Clear
negative survival effect was observed in mice treated with either anti-CTLA-4 mAb and anti-
ICOSm1 mAb, and anti-CTLA-4 mAb combined with anti-ICOSm2a mAb (Figure 3.12 and 3.13).
The level of Treg depletion in mice treated with either anti-ICOS mAb isotype or anti-CTLA-4
mAb alone was compared. Anti-ICOSm2a mAb monotherapy depleted Treg to a greater
extent than anti-CTLA-4m2a, however without survival benefit. The lack of beneficial
outcome was attributed to the elimination, not only of Treg cells, but also of infiltrating CD4*
effector and CD8* T-cells by the anti-ICOS mAb therapy. These activated T-cells were absent

in all anti-ICOS mAb treated groups but remained in the group treated with anti-CTLA-4 mAb

187



alone (Figure 3.13 and 3.14). The importance of a high T effector to Treg ratio for cancer
immunotherapy to be effective in tumour growth control and for a good survival prognosis
has been investigated in the past and is widely accepted (Quezada et al., 2006; Hodi et al.,
2008; Shang et al., 2015). This work on the mechanism of action of anti-ICOS mAb therapy
demonstrates that not only increased ratios of CD4* effector/Treg and CD8*/Treg ratios but
also sufficient number of effector and cytotoxic cells capable to execute an effective immune
response against the tumour is required (Figure 3.13 and 3.15). This logical observation might
be difficult to assess in the context of clinical trials as peripheral blood does not always reflect
the dynamics of the tumour microenvironment. This work on anti-ICOS mAb therapy in mouse
models, showed that the T-cell elimination was restricted to the tumour microenvironment

and no differences were observed in the draining lymph nodes (Figure 3.6 to 3.11).

Further work contemplates an evaluation of the combination therapy with anti-CTLA-4
higGl mAb and both human isotypes of anti-ICOS mAb in hFcyR mice, to replicate the

observed effects when mouse IgGs are used.

Although experiments presented in this thesis show that the elimination of T-cells by
anti-ICOS mAbs occurred in an FcyR-independent manner, further work should be carried out
to elicit the mechanism that drives T-cell elimination by targeting ICOS with antibodies. One
possibility may be the induction of T-cell apoptosis by AICD in the tumour, triggered by ICOS-
stimulation through the agonistic function of the anti-ICOS mAbs. To test this hypothesis,
further experiments combining anti-ICOSm1 mAb with blocking of CD95L signalling will be

performed.

An alternative explanation for the elimination of T-cells subsets in the tumour after anti-
ICOS mAb treatment could be the lack of co-stimulation by the blocking of the interaction
between ICOS and ICOSL by the antibody. It has been described that the 37A10 anti-ICOS mAb
blocks the ICOS/ICOSL interaction, promoting an agonistic signal in vitro (Figure 3.1) (Sazinsky
et al., 2016). The data generated during this thesis suggest that the 37A10 anti-ICOS mAb
lacks agonistic function in vivo, that may block pro-survival signals in T-cells mediated by ICOSL
in the tumour. If the T-cell elimination in the tumour observed after 37A10 anti-ICOS mAb
therapy is caused by lack of co-stimulation and agonistic function in vivo, this may be

replicated using antagonistic anti-ICOS mAb and anti-ICOSL mAb in further experiments.
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The importance of a functioning ICOS/ICOSL pathway in the context of anti-CTLA-4 mAb
therapy has been widely suggested by clinical and preclinical data and reviewed at the
beginning of Chapter 3 (Fan et al., 2014; Fu et al., 2011; Di Giacomo et al., 2013). Work
presented in this thesis has shown that agonistic anti-ICOS antibodies are not the best
approach to target and potentiate this pathway. A blocking or an antagonistic anti-ICOS mAb
is also unlikely to provide the ICOS/ICOSL pathway function expected, therefore the use of
antagonistic anti-ICOS antibodies for the treatment of solid tumours will block co-stimulatory
signals and further effector and cytotoxic T-cell function. Moreover, as human-ICOSL can
interact with CD28 and CTLA-4 (Yao et al., 2011), the development of a soluble form of the
ligand may be detrimental. Additionally, this interaction (ICOSL binding CD28 and CTLA-4)
does not exist in the murine context (Yao et al., 2011), therefore no pre-clinical data can be

generated to describe the possible mechanism in the human setting.

Bispecific antibodies targeting ICOS and PD-L1 are also under investigation, like the bi-
specific anti-ICOS and anti-PD-L1 hlgG1 KY1055, by Kymab (Sainson et al., 2018b). The data
presented in this work is unable to support the rationale behind the design of this molecule,
as the exact mechanism of action of KY0155 hlgG1l has not been defined. Using mouse
models, the authors claimed that KY1055 effectively depletes Treg cells and increases the
Teff/Treg ratio in the tumour, without informing if effector T-cells were also depleted by the
use of a hlgG1 (depleting isotype). The data presented in this project shows that depleting
isotypes of the anti-ICOS mAb (mlgG2a and hlgGl) increased CD8*/Treg and
CD4*effector/Treg ratios despite eliminating CD8* and CD4* effector cells (Figure 3.6). Given
that the data (Section 3.9, Chapter 3) suggest that anti-ICOS mAb induced elimination of all
T-cell populations independent of the FcyR engagement, changes in the Fc portion of the
antibody should not potentiate any change. On the other hand, if the elimination of T-cell is
dependent on the interaction of both paratopes to the epitope of ICOS, a benefit may be
observed. In any scenario, this should be thoroughly studied in preclinical in vivo models

before translating to the clinic.
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5.2 Challenges in modifying the tumour immune microenvironment

5.2.1 Chemotherapy fails to increase tumour infiltration in the context of non-

immunogenic tumours as demonstrated by KPB6.F1 model

To study the possibility of discovering a novel approach to treat poorly immunogenic
tumours by promoting the changes in the tumour microenvironment, two different
chemotherapies (oxaliplatin and cyclophosphamide) were tested in the KPB6.F1 mouse
model of non-immunogenic lung cancer. Even though these chemotherapies are not currently
the standard of care for the treatment of lung cancer, as explained in the introduction
(Chapter 1), they were chosen for their speculated potential effect on promoting infiltration
of CD8* T-cells whilst at the same time depleting Tregs in the tumour. As described previously
by Pfirschke et al., the use of a combination of oxaliplatin and cyclophosphamide promotes
sensitivity to combination therapy of anti-PD-1 mAb and anti-CTLA-4 mAb in other poorly-
immunogenic models of lung cancer (Pfirschke et al., 2016). According to the authors, the
combination chemotherapy promoted the sensitivity of lung tumours to respond to
checkpoint blockade by promoting CD8* T-cells infiltration into the tumour (Pfirschke et al.,
2016). On the contrary to the data presented in this publication, in the KPB6.F1 model of lung
cancer a trend towards increased tumour burden was observed without increased number of
infiltrating CD8* T-cells or modifications in the expression of immuno-modulatory molecules
(Figure 4.5A). Moreover, proliferation (as expression of Ki67) and, to a lesser extent, granzyme
B production were reduced after treatment with this combination of chemotherapies in
KPB6.F1 model, suggesting poor CD8* T-cell activation as the mechanism behind the failure

to reduce the tumour burden of chemotherapy-treated mice (Figure 4.5D).

The following points should be taken into consideration when attempting to reconcile
the divergent observations between the KPB6.F1 model and the work by Pfirshcke. Firstly,
Pfirschke et al. used the genetic model Kras\6120/+ Trp53flox/flox gnd induced tumour
development in the lung by administration of adenovirus expressing Cre-recombinase intra-
tracheally. In this model, the development of tumours required several weeks, and untreated

mice could survive a median of 100 days, indicating a very slow kinetic model (Pfirschke et al.,
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2016). In the KPB6.F1 model, the number of cells injected intravenously were adjusted to
secure the survival of mice for 21 days, with a high tumour burden. Therefore, the difference
in kinetics between the models suggests there is a window of opportunity to provide the
combination chemotherapy to promote response. Pfirschke et al. also used a cell line (KP1.9)
derived from Krastt-6120/+ Trp53flox/flox nodyles. The KP1.9 cell line was injected orthotopically
and generated tumours in the lung of C57BL/6 mice that were analysed 19 days after
(Pfirschke et al., 2016) with a tumour burden similar to the one observed in the KPB6.F1
model. Even though similarities between the KP1.9 (orthotopically injected) and the KPB6.F1
(intravenously injected) models in kinetics and tumour burden do exist, no similarities in the
response to oxaliplatin were observed. Pfirschke et al. tested combination chemotherapy of
oxaliplatin plus masfosfamide in the KP1.9 (orthotopically injected) model, with a significant
reduction in the weight of the lungs when compared to untreated mice. In this model, no
significant survival benefit was observed between combination of oxaliplatin and
cyclophosphamide treated mice and the untreated mice (Pfirschke et al., 2016). In contrast,
the KPB6.F1 model shows a trend towards increased tumour burden upon treatment with
oxaliplatin and combination of oxaliplatin and cyclophosphamide (Figure 4.5A). The authors
also tested the KP1.9 cell line injected intravenously, recovering the tissues after 42 days. In
this setting, reduction of the tumour burden was observed when combination of oxaliplatin

and cyclophosphamide was given (Pfirschke et al., 2016).

Altogether, the differences in response to combination chemotherapy (oxaliplatin plus
cyclophosphamide) between the KPB6.F1 model and the published models observed in this

work could indicate that:

1. The KPB6.F1 model is highly aggressive, as high tumour burden is achieved
with low numbers of cells injected intravenously, with a rapid kinetic in the
development of tumour;

2. Thelack of CD8" infiltration by oxaliplatin and cyclophosphamide combination
chemotherapy in the KPB6.F1 model may be related to different kinetics of
tumour development between the models;

3. The KPB6.F1 model has one extra passage in vivo than the KP1.9 (and both

were generated from KrasStG120/+ Trp53flox/flox mice), therefore the extra
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immunoediting possibly gave this model more resilience to chemotherapy,

either intrinsic to the tumour or related to the modulation of the TME.

As mentioned in Chapter 2 and shown in the supplementary data (Supplementary
Figure 7.3), two cell lines derived from Krast-6120/+ Trp53flox/flox mice after in vivo passages
(the KPB6.F1 and KPB6.F2) were tested. The KPB6.F1 was generated after recovery and
culture of the lungs harvested from WT mice that were injected with KPB6.FO, the cell line
obtained directly from the nodules of tumour-bearing Kras\-6120/+ Trp53flox/flox mjce,
Similarly, the KPB6.F2 was obtained after recovering lungs of WT mice previously injected
intravenously with the KPB6.F1 cell line. Both cell lines, KPB6.F1 and KPB6.F2, developed
similar tumour burden and TME, and the decision to continue working with the KPB6.F1 cell
line was made based on avoiding contamination with Mycoplasma sp. (Supplementary Figure

7.3t07.5).

Considering the differences in the response to chemotherapy observed between
KPB6.F1 and KP1.9 tumours, it can be hypothesised that one in vivo passage in WT mice
provided the KPB6.F1 cell line with an extra immunoediting process that promoted resistance

to chemotherapy.

In general, more chemotherapies could be tested in the future to better
understand the role of chemotherapy and its potential synergy or lack thereof in combination

with immunotherapy in non-immunogenic tumours.

5.2.2 Radiotherapy fails to increase tumour infiltration in the context of non-

immunogenic tumours as demonstrated by KPB6.F1 model

Apart from decreasing the tumour burden, radiotherapy is thought to exert its effect
via so called immunogenic cell death which entails the release of tumour antigens that may
promote recognition of the tumour by the immune system, and the subsequent sensitisation

of the tumour to antibody immunotherapy (Barker et al., 2015).

It was hypothesised that radiotherapy could be an effective approach to tackle
tumours with low immunogenicity such as KPB6.F1 model. To that end, radiotherapy was

tested in the KPB6.F1 model with two different schedules: 1 dose of 8Gy or 3x8Gy fractions
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directly in the right lung of the mice (Figure 4.3 and 4.4). The exclusive targeting of the right
lung of the mice required a 3D image reconstruction for each individual mouse prior to
treatment planning, imposing time constraints for these experiments. For this reason, only 3
mice per condition were studied. The rationale behind choosing to deliver the localised
radiation to the right lung only, was to study, in the same individual, changes in the TME due
to direct radiation, as well as the abscopal effect, together with the influence of fractionation
of doses of radiotherapy. However, no significant differences were observed between the left
and right lung of the same mouse, between fractioning of radiation or between different time
points after the last dose of radiation was received (Figure 4.3 and 4.4). Even though only a
few mice could be analysed for each condition, this experiment suggests that radiotherapy
alone cannot promote TlLs-activation in the KPB6.F1 model, at least as concluded based on

the immunomodulatory molecules evaluated.

As mentioned before in Chapter 4.1, radiotherapy has also been linked to increased
numbers of immunosuppressive cells in the tumour (Laoui et al., 2014; Kachikwu et al., 2011).
Even though no differences were observed in the frequency or activation of regulatory T-cells
in the tumour, the frequency of other suppressive compartments as TAM and MDSC remains
to be evaluated. The lack of response upon radiotherapy strongly suggest that the KPB6.F1 is
highly immunosuppressed, and further studies are needed to better understand the changes

in the dynamic between various immune populations of KPB6.F1 tumours upon irradiation.

The data presented in this thesis suggest that the CMT-167 model of lung cancer,
although similar in its immune signature to KPB6.F1, is more sensitive, than KPB6.F1, to
immunotherapy treatments such as anti-4-1BB mAb. Accordingly, further work testing
fractionated radiotherapy combined with anti-4-1BB mAb has been planned, to evaluate if
increased antigen recognition by radiotherapy could trigger more precise anti-4-1BB-

expansion of tumour-reactive TILs.

5.2.3 Targeting depletion of regulatory T-cells in lung cancer

To explore further the potential treatment avenues for lung cancers that are non-
immunogenic and do not respond to checkpoint blockade inhibitors, such as ipilimumab or

nivolumab, a combination of chemotherapies and anti-CD25 mlgG2a mAb treatment were
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tested. The rationale behind this combination entailed elimination of Treg cells in the tumour
based on previous research undertaken in the laboratory and hence promoting an effective
immune response (Arce Vargas et al., 2017). Even though anti-CD25 migG2a mAb alone has
shown tumour-reduction and survival of mice in the CT26 model and combination of anti-
CD25m2a mAb and anti-PD-1 mAb has improved survival in the subcutaneous models
MCA205 and MC38 (Arce Vargas et al.,, 2017), in the KPB6.F1 model no differences were
observed in the tumour burden upon treatment with anti-CD25m2a mAb or combination anti-
CD25m2a mAb and anti-4-1BB mAb (Figure 4.5A and 4.8A). Even though efficient Treg
depletion could be observed up to 11 days after anti-CD25m2a mAb injection, this only
resulted in a marginal and non-statistically significant increase in the frequency of CD8* PD-1*

cells (Figure 4.7C).

Importantly, anti-CD25m2a mAb maintained proliferation of CD8* T-cells, and
therefore, it was the therapy chosen for continuation of exploration of combinations that
would effectively reduce tumour burden in the KPB6.F1 mouse model (Figure 4.5D). In further
experiments testing anti-CD25m2a mAb and anti-4-1BB mAb, anti-CD25m2a mAb antibody
effect was mainly limited to reducing the frequency of infiltrating Tregs, whilst anti-4-1BB
provided overall activation of all T-cell subsets (Figures 4.8 to 4.15). When triple-combination
was tested, anti-CD25m2a mAb plus anti-4-1BB mAb together with either anti-LAG3 mAb or
anti-TIGIT mAb, anti-CD25m2a mAb promoted Treg depletion and increased ratios but not
significant differences in the expression of activation markers when compared with mice

treated without anti-CD25m2a mAb (Figures 4.12 and 4.15).

Unfortunately, neither therapy promoted tumour rejection in the KPB6.F1 model. But
when the CMT-167 model was treated with anti-CD25m2a mAb plus anti-4-1BB mAb, the
trend towards less tumour burden in the combination group versus anti-4-1BB mAb group,
even though non-significant, suggested the important contribution of Treg cells in promoting
tumour growth in this model (Figure 4.16A and B). In the CMT-167 model, T-cell activation by
anti-4-1BB mAb is not enough to promote tumour regression, and Treg depletion is necessary

to allow effective functionality of effector CD4* and CD8* T-cells in the tumour.

Altogether, the results presented in this thesis suggest that although the two studied
lung cancer models, KPB6.F1 and CMT-167, appear to have similar frequency of regulatory T-
cell in the TME, the contribution of Treg depletion to the tumour rejection cannot be
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predicted based only on the frequency of Tregs. Clearly, in the KPB6.F1 model, other strong
immunosuppressive strategies are exploited by the tumour to escape treatment. The
evaluation of other classic immunosuppressive populations, such as MDSC and TAM, in the
TME of both models, will improve the understanding of which treatments could effectively
eliminate tumours with low immunogenicity. Such mouse model data may potentially hold
significant value for the development of rational combination therapy against cancer in the

clinic.

5.2.4 Potential and challenges of anti-4-1BB therapy

It has been largely described that targeting 4-1BB promotes proliferation, activation
and survival of NK and T-cells, breaking the anergy of cytotoxic T-cells. There are also multiple
studies showing anti-tumour response after anti-4-1BB mAb therapy in various models of

cancer (Chester et al., 2017; Melero et al., 1997; Vinay et al., 2015; Palazén et al., 2011).

The work presented in this thesis provides promising new combination therapies to
be studied further. It has been shown that anti-4-1BBm1 mAb agonistic antibody promotes
tumour-reduction in the presence of anti-CD25m2a mAb in the CMT-167 model. During this
project, the dose of anti-4-1BB mAb given was reduced from 200 pg to 50 ug without losing
the increased proliferation and activation of T-cells in the tumour. Therefore, it is possible
that the clinical doses of anti-4-1BB mAb could be further lowered in order to prevent

hepatotoxicity, without losing the effectivity of anti-4-1BB mAb therapy (Chester et al., 2017).

The importance of developing mouse models that reproduce key features of human
malignancies resistant to the currently available treatments is undeniable. Advanced NSCLC
is generally difficult to treat, with a 3-year overall survival of 17% in patients treated with
nivolumab, an improvement of the 8% 3-years overall survival of docetaxel (Vokes et al.,
2018). Improved survival of NSCLC patients has been observed in patients with high
infiltration of NK cells in the stroma (Al-Shibli et al., 2009; Jin et al., 2014). In both models of
lung cancer investigated in this project, NK elimination correlated with increased tumour-
burden in the lungs. Therefore, anti-4-1BB mAb therapy was tested to promote NK cell
activation in the lung TME. The NK population dropped in all experiments after anti-4-1BB

mAb therapy (Figures 4.8, 4.12 and 4.16). This result was unexpected, but interestingly
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highlighted the role of T-cell response in the tumour control observed in the CMT-167. As
discussed below, it is hypothesised that the activation and proliferation of CD8* PD-1* cells
after therapy is important for the reduction in tumour burden. Considering that a minority of
patients (10%) have high levels of expression of CD56 (NK cell marker) (Al-Shibli et al., 2009),

both mouse models resemble features similar to the general NSCLC patient population.

5.2.5 Differences between models of lung cancer

During the project presented in this thesis, the T-cell immune phenotypes from two
different mouse models of lung cancer, KPB6.F1 and CMT-167, were characterised. Different
aspects including tumour burden, infiltration, relative amount and expression of co-

modulatory markers were compared (Figures 4.1 and 4.2).

In general, the frequency of the T-cell compartments and T-cell ratios were similar
between both models. Moreover, the expression of co-modulatory molecules on the surface
of the three T-cell subsets was similar, although not identical, between the models.
Interestingly, when both models were tested for combination immunotherapy with anti-CD25
mAb plus anti-4-1BB mAb, both models showed increased CD8* activation and proliferation,

but just the CMT-167 showed a trend towards lesser tumour burden (Figure 4.16B).

As mentioned in the previous chapter, CMT-167 tumour-bearing mice showed higher
frequencies of expression of PD-1, LAG3 and TIGIT on CD4* effector and CD8* when compared
to untreated KPB6.F1-bearing mice. It has been extensively described that for human cancer
the selection of CD8* PD-1* T-cells enriches for tumour-reactive CD8* T-cells (Inozume et al.,
2010; Gros et al., 2014; Ahmadzadeh et al., 2009; Ye et al., 2014). Therefore, the difference
in the frequency of expression of PD-1 by CD8* T-cells between the models evaluated suggest
more infiltration of tumour-reactive cells in the CMT-167 model. Consistent with this
hypothesis, PD-1* expression in the KPB6.F1 model did no significantly change when

radiotherapy or chemotherapy were tested.

In this regard, anti-4-1BB mAb therapy potentiated a strong T-cell activation in all T-
cell compartments in both models. Depletion of regulatory T-cells by anti-CD25 mlgG2a mAb
24 hours before anti-4-1BB mAb treatment directed the T-cell activation to effector CD4* and

CD8* T-cells. Additionally, anti-CD25 mAb administration is thought to prevent (by the

196



depletion of Treg cells) the potential suppressive effects in the TME after Treg activation
mediated by anti-4-1BB mAb therapy (Zhang et al., 2007), changing the balance in the TME
towards an efficient immune response after combination therapy. Even though both models
showed increased proliferation and granzyme B production after the treatment with the
combination immunotherapy (anti-CD25 mAb plus anti-4-1BB mAb), we hypothesized that
the presence of tumour-reactive TILs in the CMT-167 model was decisive in the outcome of
the mice after therapy. In the CMT-167 model, anti-4-1BB mAb therapy is thought to promote
the proliferation of tumour reactive T-cells, among other T-cell populations, generating an
anti-tumour response. On the contrary, in the KPB6.F1 model, less tumour-reactive TILs are
available, and the proliferation of T-cells becomes unspecific, without preferential

enrichment of tumour-reactive TILs.

Moreover, different expression frequency of 4-1BB on CD8* T-cells was observed
between both models. Even though both models upregulated 4-1BB on CD8* T-cells
comparing to CD8* T-cells from the lungs of healthy mice, only the CMT-167 model had an
average of 15% of 4-1BB* cells in untreated conditions (versus an average of 2% for the
KPB6.F1 model). Therefore, these models of lung cancer differ in the frequency of CD8"* 4-
1BB* T-cells that are able to bind anti-4-1BB mAb and be activated by the agonistic function
of the antibody, promoting activation, survival and proliferation of these CD8* T-cells. In the
CMT-167, these CD8*4-1BB* cells (15% of total CD8*) are capable of both proliferation and
activation following the first dose of treatment, whilst for T-cells from KPB6.F1 tumours this
can be achieved only in a very small population. It has been described that a portion of CD8*
PD-1* tumour-reactive cells express 4-1BB (Gros et al., 2014). Moreover, the upregulation of
4-1BB on TILs and peripheral CD8* in melanoma patients has been defined as an activation
marker associated with recognition of neoantigens (Ye et al., 2014; Gros et al., 2014, 2016). I
the expression of 4-1BB by CD8* T-cells is also indicative of tumour-reactive T-cells, then
tumour-recognition initial difference can translate to tumour-control or escape after anti-4-
1BB mAb therapy. Importantly, a trend of tumour-burden control was observed only after

Treg depletion, promoting a less immunosuppressive function.

Future work will focus on describing the mechanism underlying the differential
response to immunomodulatory antibody therapy of CMT-167 model when compared to the

unresponsive KPB6.F1 model. If both mouse models are differentially recognised by the
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immune system, as defined by the frequency and number of tumour reactive T-cells, this
could be tested by an IFNy ELIspot. Moreover, analysis of TCR clonality might also provide
further evidence; if clonal expansion of some TCR is found in the tumour that are not present

in draining LN or spleen, this could indicate infiltration of reactive T-cells.

If the hypothesis that CMT-167 have more tumour-reactive TILs than the KPB6.F1

model is corroborated, then:

1. The CMT-167 tumour cell line could also be used to establish a mouse model for
adenocarcinomas with reactive TlLs that are suppressed in their function. Assessment
of exhaustion of those T-cells will be necessary and will provide evidence of anti-CD25
mAb combined with anti-4-1BB mAb as a strategy to overcome dysfunctionality (or

“exhaustion”);

2. The KPB6.F1 tumour could be further studied as a model of NSCLC adenocarcinomas
with poorly infiltrating reactive T-cells. The evaluation of tumour-antigens and
neoantigens within the tumour will test if a lack of tumour antigens is correlated with
the limited reactive TlLs. In this scenario, another possibility may be the presence of
non-infiltrating reactive T-cells (for example, in the draining LN), and the study of
immunotherapies that can overcome the mechanisms that avoid T-cell infiltration into

the tumour;

3. Onthe contrary, if KPB6.F1 and CMT-167 models have a similar frequency of reactive
TILs, both models could be used to compare effectivity of a given therapy in different
tumour microenvironments with similar recognition by T-cells. After therapy, the
differences in the non-T-cell TME could be compared. In this case, evaluation of

myeloid markers will be crucial.

In general, the description of the TME and the effect of different therapies in both
models showed slight differences that eventually had an important impact on the acquisition
of tolerance or effective immune response upon administration of the same therapy.
Therefore, comparison between both models subjected to the same therapy could describe

critical markers, predicting reduced or increased sensitisation to the aforementioned therapy.
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5.2.6 Concluding Remarks

Since discovery of ipilimumab, the field of immunotherapy has grown exponentially,
seeing approval of not only anti-CTLA4 mAb but also various anti-PD-1 and anti-PD-L1 mAb
therapies. While immunotherapy is a very promising way of treating cancer and has proved
to be effective for many patients who would not survive the disease with standard of care
anti-cancer therapy, a large population of patients do not respond to immunotherapy either.
There are multiple reasons for that, primarily due to the cross talk between various immune
pathways and a multitude of so-called immune escape mechanisms (Sharma et al., 2017) that
allow the tumour to continue growing. To that end multiple medical centres in collaboration
with pharmaceutical industry have embarked on testing combination treatments to address
such escape mechanisms. The past 3 years have seen an incredible boom in such studies,
however, sometimes with not necessarily well thought through scientific rationale nor in-
depth and robust preclinical studies. For instance, Incyte’s IDO-inhibitor epacadostat failed in
the clinic despite promising pre-clinical data (NCT02752074) (Long et al., 2018). Another
clinical trial that may follow Incyte’s fate, sponsored by Jounce Therapeutics (NCT02904226,
ICONIC trial), is evaluating anti-ICOS higG1 JTX-2011 mAb alone and in combination with anti-
PD-1 mAb or anti-CTLA-4 mAb. Data presented in this thesis address the mechanism of action
of various isotypes of ICOS antibodies and hopefully will be used in the future to improve

existing therapies.

To further understand why certain patients “fail” to respond to certain
immunotherapies, while others go into full remission, further studies of animal models of
resistant cancers are required. The deeper understanding of the interplay between tumours
and their microenvironment, including the immune system, is absolutely crucial in designing
novel therapies as well as predicting which patients should be given which therapy. The
second part of work presented in this thesis shows how miniscule differences in the TME can
affect therapeutic outcomes and attempts to determine what treatments should be further
evaluated to treat NSCLC non-responding patients. One of the proposed avenues entails
combining anti-4-1BB mAb with anti-CD25 mAb for patient subgroups with CD8*PD-1*4-1BB*
cells present in the tumour microenvironment, including discussing relevance of dose

adjustment in the clinic.
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While cancer is still a disease with significant high unmet medical need,
immunotherapy brings hope for treatment to certain groups of patients. Further robust
research into its underlying mechanism of action will assist the development of more clinically
effective treatments that will hopefully improve complete remission rates or lead to durable

responses and thus improved overall survival of patients.
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7 Annex

7.1 Supplementary figures
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7.1 Supplementary figure 7.1. Anti-ICOS 3710 mAb is cross-reactive and blocks the binding
of the anti-ICOS staining mAb.

(A) Jurkat-NFAT.GFP/mICOS cells were activated with plate-bound 250 ng of anti-CD3 clone
OKT3 mAb with either 20 ug/mL of soluble isotype control, anti-ICOS (clone C398.4A) mAb or
anti-ICOS (clone 37A10) mAb. After 72 hours, cells were stained and the levels of CD40L were
measured by flow cytometry. (B) Activated PBMC were stained with a commercial (clone
C398.4A) mAb or the tested (clone 37A10) anti-ICOS antibody to check the binding of the
37A10 clone to human ICOS. Some PBMC were pre-incubated with the tested (clone 37A10)
anti-ICOS antibody, washed and stained with the commercial anti-ICOS (clone C398.4A) mAb,
to check blocking of both antibodies.
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7.2. Supplementary figure 7.2. Titration of the number of KPB6.F2 cells injected into mice
to generate lung tumours.

C57BL/6 mice were left untreated or injected intravenously with increasing numbers of
KPB6.F2 or CMT-167 cells. At day 21 mice were euthanized and lungs were recovered. Lungs
were processed and a single cell suspension was stained and analysed by flow cytometry. (A)
Lung weight for KPB6.F2-tumour bearing lungs. (B) Lung weight for CMT167-tumour bearing
lungs. (C and D) CD8*/Treg and CD4*effector/Treg ratios for (C) KPB6.F2 tumours and (D)
CMT-167 tumours. Horizontal bars represent the mean, errors bars shown * standard error
of the mean (SEM). p values were calculated using non-parametrical analysis Kruskal-Wallis
test. ns = p > 0.05, *p <0.05, **p <0.01, ***p <0.001, **** P <0.0001.
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7.3. Supplementary figure 7.3. Mice injected with KPB6.F2 or KPB6.F1 cell line had similar

features regarding visible tumour nodules, weight of lungs and CD8*/Treg and Teff/Treg
ratios.

C57BL/6 mice were left untreated or injected intravenously with 50,000 cells from either
KPB6.F2 or KPB6.F1 cells. After 21 days lungs were recovered for analysis. (A) Representative
picture of lungs for each condition. (B) Lung weight. (C) CD8*/Treg and CD4" effector/Treg
ratios. Horizontal bars represent the mean, errors bars shown * standard error of the mean
(SEM). p values were calculated using non-parametrical analysis Kruskal-Wallis test. ns = p >
0.05, *p £0.05, **p £0.01, ***p <0.001, **** P <0.0001.
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7.4. Supplementary figure 7.4. Mice injected with KPB6.F2 or KPB6.F1 cell line had similar
frequency of expression of co-stimulatory molecules.

C57BL/6 mice were left untreated or injected intravenously with 50,000 cells from either
KPB6.F2 or KPB6.F1 cell lines. At day 21 mice were euthanised, lungs were recovered, and a
single cell suspension was stained and analysed by flow cytometry. Graphs summarising the
frequency from regulatory T-cells (CD4*FoxP3*), effector CD4* (CD4*FoxP3°), and CD8* T-cells
was determined for CD25, GITR, ICOS, OX-40 and 4-1BB. Horizontal bars represent the mean,
errors bars shown # standard error of the mean (SEM). p values were calculated using non-
parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p < 0.05, **p <0.01, ***p < 0.001,
**** P <0.0001.
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Supplementary figure 7.5. Mice injected with KPB6.F2 or KPB6.F1 cell line had similar
frequency of expression of co-inhibitory molecules.

C57BL/6 mice were left untreated or injected intravenously with 50,000 cells from either
KPB6.F2 or KPB6.F1 cell lines. At day 21 mice were euthanised, lungs were recovered, and a
single cell suspension was stained and analysed by flow cytometry. Graphs summarising the
frequency from regulatory T-cells (CD4*FoxP3*), effector CD4* (CD4*FoxP3°), and CD8* T-cells
was determined for LAG3, PD-1 and CTLA-4. Horizontal bars represent the mean, errors bars
shown + standard error of the mean (SEM). p values were calculated using non-parametrical
analysis Kruskal-Wallis test. ns = p > 0.05, *p <0.05, **p <0.01, ***p <0.001, **** P <0.0001.
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7.6. Supplementary figure 7.6. Mice injected with KPB6F2.GFP* did not develop visible
tumour nodules.

C57BL/6 mice were left untreated or injected intravenously with either 300,000 KPB6.F2 cells
or 300,00 KPB6.F2-GFP* cells. At day 21 mice were euthanized and lungs were recovered.
Lungs were processed and a single cell suspension was stained and analysed by flow
cytometry. (A) Representative picture of lung for each group. (B) Lung weight. (C) CD8*/Treg
and CD4'effector/Treg ratios. (D) Percentage of Ki67* cells gated on CD8*, CD4* FoxP3"
effectors T-cells and CD4* FoxP3* Treg cells, respectively. Horizontal bars represent the mean,
errors bars shown + standard error of the mean (SEM). p values were calculated using non-
parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p < 0.05, **p <0.01, ***p < 0.001,
**%* P <0.0001.
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7.7. Supplementary figure 7.7. Combination therapy with anti-4-1BB mAb and anti-TIGIT
mAb or anti-LAG3 mAb does not modify the frequency of expression of the immuno-
modulatory molecules GITR, OX-40 and CTLA-4 on T-cells from tumour-bearing lungs.

C57BL/6 mice were left untreated or injected intravenously with KPB6.F1 cells. Six days after
some mice received one dose of 200 pug of anti-CD25 mAb (clone PC61, mouse IgG2a) and
later mice were treated concomitantly with 100 pg of anti-4-1BB mAb (clone LOB12.3 rat
IgG1) plus 200 pg anti-TIGIT mAb (clone 1G9, mouse IgG1) or 200 ug anti-LAG3 mAb (clone
C9B7W, rat 1gG1) on days 7, 10 and 13. At day 17 mice were euthanized and lungs were
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recovered. Lungs were processed, and a single cell suspension was stained and analysed by
flow cytometry. Graphs featuring the frequency from regulatory T-cells (CD4*FoxP3*), effector
CD4"* T-cells (CD4*FoxP3), CD8* T-cells and NK cells was determined for (A) the co-stimulatory
molecules GITR and OX-40 and (B) the co-inhibitory checkpoint CTLA-4 are shown. Horizontal
bars represent the mean, errors bars shown * standard error of the mean (SEM). p values
were calculated using non-parametrical analysis Kruskal-Wallis test. ns = p > 0.05, *p < 0.05,
**p <0.01, ***p <0.001, **** P <0.0001.
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7.8. Supplementary figure 7.8. No changes in the frequency of expression of the modulatory
proteins CD25, GITR, OX-40 and CTLA-4 by anti-4-1BB mAb treatment in the CMT-167 model
of lung cancer.

C57BL/6 mice were left untreated or injected intravenously with CMT-167 cells. Five days
after some mice received one dose of 200 pg of anti-CD25 mAb (TUSKC22, mouse IgG2a) and
later mice were treated with 50 pg of anti-4-1BB mAb (clone 3H3 mouse IgG1) on days 6, 9
and 12. At day 19 mice were euthanized and lungs were recovered. Lungs were processed,
and a single cell suspension was stained and analysed by flow cytometry. Graphs indicating
the frequency of the (A) co-stimulatory molecules CD25, GITR and OX-40 and (B) the co-
inhibitory checkpoint CTLA-4 expressed on regulatory T-cells, CD4* effector, CD8* T-cells and
NK cells are shown. Horizontal bars represent the mean, errors bars shown * standard error
of the mean (SEM). p values were calculated using non-parametrical analysis Kruskal-Wallis
test. ns =p > 0.05, *p <£0.05, **p <0.01, ***p <0.001, **** P <0.0001.
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