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Abstract

The limited success of therapeutic cancer vaccines to date is likely due to sub-
optimal generation of anti-tumor CD8 T cells and insufficient tumor microenvironment
(TME) modulation. In this study, a novel intravenous (I'V) heterologous prime-boost
vaccination strategy with a self-assembling neoantigen-peptide nanoparticle TLR-7/8
agonist (SNP) vaccine platform and a chimp adenovirus (ChAdOx1) was used to elicit
high magnitude neoantigen-specific CD8 T cells and modulate the TME. Mice primed
with SNP encoding the neoantigen Reps1 for a colon carcinoma (MC38) and boosted with
ChAdOx1 IV encoding Repsl elicited on average ~40% Reps1-specific CD8 T cell
responses, which were ~4x higher than mice boosted by the conventional IM route. These
CDS8 T cells were capable of mediating protection from tumor challenge in a prophylactic
setting experiment. Therapeutically, heterologous prime-boost with ChAdOx1 given IV or
IM enhanced protection compared to the use of ChAdOx1 alone. Remarkably, IV
administration of ‘empty’ ChAdOx1 (not encoding Repsl1) after Reps1-SNP prime also
improved protection compared to Reps1-SNP prime or ChAdOx1 prime alone.
Subsequently, IV vaccination with ChAdOx1 or SNP was found to induce production of
IFNa and activation of ¢cDCls in the spleen, tumor and tumor-draining lymph node (td-
LN). The activation of cDC1s was found to be dependent on functional IFNa signaling
and blockade of IFNa signaling at the time of boost completely abrogated tumor
regression in the therapeutic setting. Together, these data suggest that IV ChAdOx1
boosting not only increases the magnitude of antigen-specific CD8 T cells, but also
modulates the TME to promote tumor regression, representing a readily translatable

therapeutic paradigm to drive the Cancer Immunity Cycle.
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Introduction

1.1 Immunotherapy
1.1.1 Conventional cancer therapy

Cancer is a leading cause of death across the globe, and was responsible for ~10
million deaths in 2020 according to the World Health Organization (WHO)[1]. Cancer is
a heterogeneous disease that can affect almost any tissue in the body. It arises through the
acquisition of mutations that affect cell proliferation and results in uncontrolled cell
division. Through sequential acquisition of mutations affecting different cellular functions
a tumor can grow and spread (known as metastasis) to other parts of the body. These
hyper-proliferative characteristics that cancer cells acquire as they gain mutations are
described in detail by Hanahan and Weinberg in their well-known publication, “Hallmarks
of Cancer” [2]. In general, metastasis is the main cause of mortality from cancer as
tumors begin to grow in organs other than the primary site and lead to organ failure.

Throughout the 20" and early 21 century the main treatments available for cancer
were surgery, chemotherapy, and radiotherapy. These could be used independently or in
combination to improve patient outcomes. However, there are some major limitations of
these treatments. Some cancers may be inoperable depending on the location of the tumor,
and major surgery carries significant risks during recovery. Chemotherapy and
radiotherapy are not tumor specific and can cause adverse effects (damage) to other
healthy tissue in an individual.

Despite these limitations, patient survival rates have increased in recent decades
due to improvements in earlier detection as well as therapeutic advances in the use of the
conventional trio of interventions. In the 40 years between 1971-2011, the 5-year survival
rates of adults (men and women) in the UK across all cancers increased from 30% to 54%

[3]. However, this improvement was not uniform across all cancer types. For example,
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tumors arising in the pancreas are only now approaching a 30% 5-year survival rate [4]
and esophageal cancer has a 5-year survival rate between 15% and 25% [5].

One major factor that causes this effect is that some cancers (like pancreatic) do
not present with symptoms until they are quite advanced and therefore only provide a
narrow window of time during which to administer treatment. Being advanced, these
tumors may have already metastasized and are usually larger and refractory to the
conventional treatments that have been available thus far. For this reason, it is necessary to
develop a therapeutic strategy that is capable of dealing with advanced metastatic disease

and immunotherapy shows potential to achieve this goal.

1.1.2 Immunotherapy

Immunotherapy refers to interventions that function by manipulating the immune
system to identify cancer cells as foreign and engage its natural functions to eradicate the
cancer. The idea that the immune system can take on this role started in the 19" century
with the surgeon William Coley, who noticed that patients with erysipelas (a streptococcal
skin infection) displayed remission of soft-tissue sarcomas. He followed up on this
observation by injecting patients with a mixture of heat-inactived Streptococcus pyogenes
and Bacillus prodigious, which remarkably resulted in long-term cancer remission.
Unfortunately, due to the development of radiotherapy and the lack of understanding of
the mechanisms underpinning the success of Coley’s toxins, it was many decades before
this work was followed up on [6]. Retrospectively, it seems clear now that this cocktail
was likely working through the activation of pattern recognition receptors (PRRs) that
could stimulate an immune response, and help promote anti-tumor immunity indirectly.

Interferons (IFNs) were initially discovered based on their anti-viral properties in

the 1950s [7]. In the 1960s, mice with tumors were treated with purified interferons (IFNs)
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and it was shown that these exhibited anti-tumor effects [8]. At the time, the understanding
of immunology was not sufficient to identify immune cells as the key player in mediating
this anti-tumor effect and the IFNs were thought to be acting directly on the tumor cells. In
a clinical trial of hairy cell leukemia, 55 patients were treated with purified IFNa2 and 40
of the patients experiences a partial response, indicating the therapeutic benefits of a
specific IFNa family member [9]. In a separate clinical trial of high-risk resected
cutaneous melanoma, treatment of patients with IFNa2 was associated with a statistically
significant increase in survival. In this clinical trial from 1996, the authors noted that the
mechanism of action for IFNa2 was still poorly understood, in particular with respect to
its effects on the immune system [10]. Today, we know that IFNa has numerous effects on
immune cells that promote anti-tumor immunity, but the use of [FNa2 as a therapy has
been curtailed. This was due to the development of small molecules that can activate
pathways down stream of IFNa selectively without the concomitant adverse effects that
lead to dose-limiting toxicity with IFNa2 [7].

Separate, but contemporary with the work on IFNs, there was an improvement in
the understanding of lymphocyte biology in the 1980s — particularly with respect to the
role of T cells in anti-tumor immunity. The identification of IL-2 [11] and a means to
mass-produce this cytokine in E. coli enabled its use as an immunotherapeutic agent early
on [12]. Recombinant IL-2 became important because it could be used to expand tumor-
infiltrating lymphocytes (TILs) derived from a tumor biopsy in vitro in order to re-infuse
these tumor-specific T cells back into the patients at much higher numbers to promote
tumor regression [13]. In addition, IL-2 could be given with the adoptive cell transfer
(ACT) in order to promote T cell growth and anti-tumor immunity. This strategy has
proven to be effective in treating metastatic disease, with objective tumor regression

displayed by 11 of 25 patients in a clinical trial in 1985 [14].
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Despite this improvement, there was only one patient that displayed complete
regression of their tumors and so current efforts have focused on identifying ways to
improve ACT efficacy. More recently in 2011, a clinical trial was published where 93
patients with metastatic melanoma were treated with ACT and high-dose IL-2 following a
lymphodepleting regimen. The lymphodepleting regimen was either a chemotherapy or
radiotherapy and the goal was to eliminate potentially immunosuppressive immune cells
from the patient prior to administering the TILs. Of the 93 patients, 20 (22%) displayed
complete tumor regression — of which 19 were tumor free at a 3 year follow up [15].

During the work with IL-2 and ACT, it became increasingly apparent that
cytotoxic T cells were the major mediators of anti-tumor immunity [16]. However, not all
patient tumors contain functional effector T cells capable of being cultured for re-infusion.
To address this problem, some groups began to create new T cells with unique
specificities for antigens that are uniquely or highly expressed in particular cancers across
patients. These were called chimeric-antigen receptor (CAR) T cells [17].

To create a CAR T cell, T cells are isolated from the blood of a patient and then
genetically modified to express the CAR receptor. The extracellular domain of the CAR is
comprised of the variable region from a monoclonal antibody specific for the antigen of
interest expressed by the cancer. The intracellular portion of the CAR contains the normal
signaling components of a T cell receptor (TCR). The newly created CAR T cells are re-
infused into the patient, typically after a lymphodepleting treatment, and then binding of
the CAR to its target antigen on the tumor cell surface initiates intracellular signaling
resulting in tumor cell lysis [18].

CAR T cells have been demonstrated to provide excellent anti-tumor efficacy in B
cell malignancies such as B-cell acute lymphoblastic leukemia (B-ALL) and diffuse large

B cell lymphoma (DLBCL). This is due to the high expression of the target antigen CD19
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on tumor cells and also that CD19 expression is restricted to B cells. Relapsed or
refractory (r/r) B-ALL and DLBCL have poor prognosis with standard therapies.
However, by infusing CD19 specific CAR T cells, it is possible to achieve complete
remission in 90% of patients with r/r B-ALL [19]. For DLBCL, the infusion of anti-CD19
CAR T cells resulted in a complete response rate (no more detectable disease) of 52% as
compared to the complete response rate of 22% due to alternate therapies [20]. CAR T
cells were detectable for up to 20 months after infusion, indicating that these may have
durable long term effects [21]. The positive outcomes with these CAR T cell therapies
resulted in food and drug administration (FDA) approval of CD19 CAR T cells for
treating both B-ALL [22] and DLBCL [23].

In addition to ACT based therapies, immune checkpoint inhibitors (CPIs) have also
been developed over the past decade [24]. These are typically monoclonal antibodies that
block the interaction between ligands expressed on cells in the local environment and
receptors on T cells that would inhibit effector function. CPIs prevent this interaction and
thereby enable continued activation of T cells or re-activate T cells that were being
inhibited [25].

There are three major targets of immune checkpoint inhibitors, known as
programmed cell death protein 1 (PD-1), programmed death-ligand 1 (PD-L1), and
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). Antibodies against PD-1 and PD-
L1 are targeting the same interaction, but PD-1 is the receptor on the T cell and PD-L1 the
ligand. The combination of nivolumab (PD-1 antibody) and ipilimumab (CTLA-4
antibody) has proven particularly effective in the treatment of melanoma [26], non-small
cell lung cancer (NSCLC) [27], and renal cell carcinoma [28]. The response rate in
melanoma has been particularly striking. During the checkmate 067 study, patients with

advanced melanoma treated with this combination of checkpoint inhibitors have achieved
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a 52% survival rate at 5 years. The combination was slightly more effective than
nivolumab alone (44% 5-year survival) and twice as effective as ipilimumab alone (26%
5-year survival) [29]. This is compared to the historical standard 5 year survival for
advanced melanoma of 10% [30]. Due to the promising outcomes from treatments with
checkpoint inhibitors targeting the PD-1/PD-L1 axis and CTLA-4, the FDA has approved

7 different antibodies for multiple indications in the US [31].

1.1.3 Limitations of current immunotherapies

The major immunotherapies in use today are CAR T cells and checkpoint
inhibitors. Though they have both greatly improved the survival and even cured cancer for
some patients, they are not without their drawbacks. This is partly why both CPIs and
CAR T cells have a limited range of cancers for which they are approved, though for

different reasons.

(I) Factors affecting CPI and CAR T cell efficacy

CPIs have variable response rates depending on the tumor and the treatment
regimen used, but rarely achieve a complete response rate of 40% [32]. This may be due to
numerous factors including having a low number of TILs or the presence of an
immunosuppressive microenvironment that is not dependent on the targeted axis for
example. Behavioral and environmental factors also impact the response to checkpoint
inhibitors. One recent finding is the role of the gut microbiome in promoting effective
anti-tumor immunity following checkpoint blockade. In a recent phase I clinical trial, fecal
microbiota transplant and renewed administration of anti-PD-1 antibody elicited clinical
response in 3 out of 10 patients with refractory metastatic melanoma [33]. This finding

demonstrates that factors as general as diet and microbiome might have on the response to
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CPIs. A more comprehensive review discussing what is currently known about the factors
affecting response to CPIs can be found in [32].

CAR T cells have been successful for B cell malignancies, but there are still
patients who relapse following treatment. One mechanism that underpins this is the loss of
the target antigen CD19, which can be achieved by alternative splicing of CD19 that
removes the target epitope [34] or loss of CD19 trafficking to the cell surface [35]. Often,
these tumors can be targeted by another CAR T cell for CD22 (another B cell expressed
antigen), though the median remission time for these patients may be as little as 6 months
[36].

CAR T cells have proved difficult to adapt for solid tumors. This is because solid
tumors have more heterogeneous cell types and it is difficult to identify an antigen that is
specifically expressed on tumor cells and not on healthy tissue. In addition, the CAR T
cell must be able to function in the immunosuppressive environment that it is likely to
encounter, but this environment is also likely to be different between patients, so more
detailed characterizations would be required to develop tailored CAR T cells for a

patient’s unique tumor microenvironment (TME) [37].

(IT) Toxicity

Though both CPIs and CAR T cells are considered better tolerated than
conventional chemotherapeutic agents, they both induce immune related adverse events
(IRAESs) in a large proportion of patients. In the case of CPIs, this is because the targets of
the antibodies have regulatory functions in normal immune system homeostasis. Therefore
interrupting those signals through checkpoint blockade may also activate non-tumor
specific immune cell responses and result in excessive inflammation [38]. The most

commonly affected organs are the skin, liver, and gastrointestinal tract, though it can
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affect the heart, brain and lungs as well. Combination therapy induces greater levels of
IRAESs than monotherapy alone, as evidenced by the CheckMate067 study where 59% of
patients receiving both nivolumab and ipilimumab experienced IRAEs as compared to
22% for nivolumab alone or 28% for ipilimumab alone [39]. In addition, the use of
checkpoint inhibitors has been shown to worsen autoimmune conditions in 50% of
patients with pre-existing autoimmune disease that were treated with CPIs [40]. Though
IRAEs may be mild, some will require management with additional therapeutics to limit
the inflammation.

In a similar way, CAR T cells introduced into the patient may react aggressively to
the cancer and release large amount of pro-inflammatory cytokines resulting in what has
now been termed cytokine release syndrome (CRS). The symptoms of CRS are systemic
and include fever, hypotension, and hypoxia, but may also affect neurological function
and induce cerebral edema or seizures [41]. The systemic toxicity of CRS following CAR
T therapy can be partially managed by infusion of an anti-IL-6 antibody (tocilizumab) or

administration of corticosteroids, which will reduce inflammation [42].

(IIT) Cost

These novel immunotherapies are the result of decades of research and large
upfront costs to demonstrate their efficacy in clinical trials. As a result of their novelty and
improved therapeutic benefits the cost of treatment with CPIs or CAR T cells is
substantial. For context, the cost in the UK per patient with advanced melanoma of
nivolumab treatment for 4 years was £248,000 [43] or £62,000 per year. This raises cost-
effectiveness concerns as it is predicted that 43% of cancer patients in the US may be
eligible for CPI treatment but only 12.5% would be expected to respond [44]. In addition,

the production of CAR T cells requires technical expertise and patient-specific production
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of cells — which is quite costly. This underpins the estimated cost of a single round of

Tisagenlecleucel (anti-CD19 CAR T cell) reaching a price of US $475,000 [45].

1.1.4 An opportunity to improve immunotherapy

This brief history of immunotherapy shows how researchers have gone from very
general treatments with bacterial cocktails to the targeting of specific pathways to activate
T cells in order to promote anti-tumor immunity. Despite all this progress, there are still
multiple problems with modern immunotherapies that need to be addressed, and therefore
space to innovate and improve patient outcomes. There are numerous opportunities that
could be exploited to improve immunotherapy, from improving the understanding of
inhibitory factors at the tumor site to increasing the anti-tumor T cell response through
identification of novel checkpoint inhibitors or vaccination. It is clear that more precise
immunotherapeutic interventions are required, and to achieve this a better understanding

of the TME is needed.

1.2 Cancer Immunity
1.2.1 The cancer immunity cycle

Cancer immunotherapy relies on both innate and adaptive immune cells to mediate
tumor clearance. The last decade of work has focused heavily on understanding the role of
T cells in immunotherapy as CPIs have been shown to work, in large part, through the
activation of CD8 T cell responses [46, 47]. However, in order to generate effective T cell

responses, innate immune cells must also fulfill their natural functions.
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Figure 1.1 The Cancer Immunity Cycle — Adapted from Chen and Mellman, Immunity, 2013
The cycle begins with (1) the release of antigens from dying tumor cells that are (2) picked up
by APCs and processed for presentation on MHC to (3) prime and activate T cells against the
tumor specific antigens. The activated T cells (4) migrate to the tumor and (5) infiltrate the
tumor. The T cells (6) recognize their cognate peptide-MHC complex on tumor cells and (7)
kill the recognized cells to (1) release antigens and repeat.

In 2013, Daniel Chen and Ira Mellman published a seminal review that provides a
framework for understanding cancer through an immunology-focused lens (Figure 1.1)
[48]. The cancer immunity cycle (CIC) is a continuous process that is taking place during
the development of a tumor and identifies key steps that are required to form a successful
anti-tumor immune response. Briefly the steps are as follows:
1. Cancer cells die, either naturally or killed by innate immune cells (e.g. natural
killer (NK) cells) or adaptive T cell responses, and release antigens.
2. Antigen presenting cells (APCs) acquire and process cancer antigens for
presentation on major histocompatibility complex class I or class IT (MHC-I,

MHC-II).
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3. T cells are activated by binding of the TCR to its cognate MHC-peptide complex
on APCs, CD8 T cells recognize MHC-I whilst CD4 T cells bind to MHC-II.

4. Activated T cells migrate to the tumor.

5. T cells infiltrate the tumor.

6. T cells recognize cancer cells by the expression of the tumor antigen.

7. T cells kill cancer cells, which then feeds back into step 1.

By using this framework, one can understand the different bottlenecks that may be
encountered in attempting to treat a patient’s tumor with immunotherapies. For example,
anti-PD-1/anti-PD-L1 therapy works by blocking inhibitory signals that prevent
recognition and killing of cancer cells (steps 5/6). However, if a patient failed to prime T
cell responses (step 3), then anti-PD-1 therapy would not be predicted to help. Similarly, if
CAR T cells are introduced into a patient (aiding step 4/5) but reach the tumor and are
inactivated by the immunosuppressive TME, then killing of the tumor cells will not ensue
and the patient will experience progressive disease. This framework can therefore be used

to understand the roles of innate and adaptive immune cells in cancer immunotherapy.

1.2.2 Innate immunity in cancer

The innate immune system is highly specialized to act as immune first-responders.
Two key players for consideration are dendritic cells (DCs) and macrophages (Macs).
These cells will primarily aid with the first three steps of the CIC, which involve the
acquisition, processing, and presentation of tumor antigens to activate T cells. The
underlying mechanism that triggers activation of these cells is similar. DCs and Macs
express pattern recognition receptors (PRRs) which are specialized to recognize pathogen
associated molecular patterns (PAMPs) that are conserved between different infectious

agents, like single stranded RNA (ssRNA) or lipopolysaccharide (LPS). These cells can
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also respond to damage associated molecular patterns (DAMPs), such as DNA, which are
released by dying cells. Upon activation, the DCs and macrophages proceed to initiate an
inflammatory response to limit the spread of infectious agents, recruit immune cells,

promote anti-tumor immunity, and initiate an adaptive immune response [49] [50].

(I) DCs

DCs are highly specialized for stimulating naive T cells to initiate an adaptive
immune response. Conventional DCs (¢cDCs) can be split into two distinct subsets known
as cDCl1s and cDC2s, with different functions and cell surface markers [51]. In addition,
plasmacytoid DCs (pDCs) are a third class of DC that is highly specialized in anti-viral
immunity and capable of releasing large amounts of [FNa following activation to
potentiate an immune response [52].

cDCls have many important functions in the generation of effective anti-tumor
immune responses, and can be identified by flow cytometry in mice and humans by
staining for CD11c, MHC-II, and XCR1 [53]. The development of cDCls is dependent on
the transcription factor Batf3. Hildner and colleagues showed that Batf3 knock-out (KO)
mice lacking cDC1s were unable to reject an immunogenic fibrosarcoma, whereas wild-
type (WT) mice were capable of rejection [54]. In a study using an autochthonous
oncogene-driven melanoma mouse model, Spranger and colleagues demonstrated that
Batf3 KO mice did not have T cell infiltrates in developing tumors [55]. In addition,
cDCl1s loaded with tumor antigens ex vivo and then reinfused into mice have been
demonstrated to reduce tumor growth [56]. Together, these data demonstrated the
importance of cDCls for generating effective anti-tumor immunity.

The specialized function of cDCls is to take-up antigen from peripheral tissue sites

(like the tumor) and process antigens to load onto MHC class I molecules to activate CD8
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T cells, a process known as cross-presentation. To achieve this, cDC1s must migrate to a
draining lymph node (LN) after acquiring tumor antigens to activate CD8 T cell immunity.
The expression of C-C chemokine receptor type 7 (CCR7) on activated cDCls is required
for the migration to the LN. The evidenced for this was provided by a mixed bone-marrow
chimera experiment where all cDCls, and only ¢cDCls, were genetically manipulated to
lose CCR7. The ¢cDCls in these mice failed to migrate to the LN and did not reject
immunogenic tumors [57]. Once activated, cDCls also upregulate co-stimulatory
molecules CD80 and CD86, which aid in the activation of T cell responses [58].

In addition, cDCls are a non-redundant source of IL-12 [59] which has multiple
effects. This can help activate natural killer (NK) cells to produce IFNy [60]. IL-12 also
skews the T cell response towards a Th1 T cell response which is generally considered to
be anti-tumoral (discussed further below). The production of IFNy, first by NK cells and
later by antigen-specific CD8 T cells, slows down the rate of cell division and can induce
apoptosis in cancer cells that have intact [FNy signaling pathways [61]. Furthermore, the
expression of the chemokines C-X-C chemokine ligand 9 (CXCL-9) and CXCL-10 by
cDCls in the tumor is required to recruit CD8 T cells to the tumor site [62]. Collectively,
these data demonstrate a key role for cDCls in orchestrating anti-tumor immunity.

Whilst the role of cDCls in cancer has been relatively well-studied, the role of
cDC2s is less well understood. In part, this is because cDC2s represent a more
heterogenous set of DCs. Generally, cDC2s are thought to be more efficient at priming
CDA4 T cell responses. Recent work in mouse models demonstrated that cDC2s can prime
CD4 T cell responses (without inducing differentiation) to promote anti-tumor immunity
[63]. The lack of CD4 T cell differentiation may enable IL-12 produced by cDCls to skew
the CD4 T cell response towards a Th1 type response. In addition, activated CD4 T cells

can interact with cDC1s through the upregulation of CD40 ligand (CD40L), which
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interacts with CD40 on ¢cDCls to enhance cross-presentation and co-stimulatory molecule
expression to promote CD8 T cell responses [64].

In contrast to conventional DCs, pDCs are best known for their ability to rapidly
produce and release large amount of type I IFNs (like [FNa) to activate innate immunity.
However, it appears that pDCs can be induced to activate CD8 T cells upon stimulation
through the toll-like receptor 7 (TLR-7) or TLR- 9 [65], but are not nearly as efficient as
cDCls. In the event that pDCs are activated and release IFNa, this will promote cross
presentation of antigen by cDCls. This was shown through the use of IFNa receptor
(IFNar) KO ¢DCls in a mouse tumor model. Mice with this particular genotype were
unable to clear immunogenic tumors [66]. The promotion of cross-presentation is partly
through the upregulation of co-stimulatory molecules (CD80/86) upon exposure of cDCl1s
to pDC derived IFNa [58].

Collectively, there is substantial evidence for the importance of DCs, and
particularly cDCls, in tumor immunity. These cells function primarily by collecting
antigen from the tumor site and migrating to LNs to activate adaptive T cell responses,

thus fulfilling their role in the initiation of the CIC.

(IT) Macrophages

Macs are highly responsive to environmental stimuli and change their
phenotype/function in response to perturbations of the tissue which they surveil. In the
context of a healthy immune response to tissue damage or infection, macrophages play
both pro-inflammatory and anti-inflammatory role depending on signals in the
environment. For example, early in tissue damage or infection, macrophages adopt a pro-
inflammatory role by responding to DAMPs/PAMPs and producing pro-inflammatory

cytokines such as IL-6 and tumor necrosis factor (TNFa). However, during the process of
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tissue repair/regeneration, the Macs alter their function to inhibit the immune response
(mitigate damage) and promote tissue repair through the production of cytokines and
growth factors [67].

For this reason, Macs have been observed to have both pro-tumoral and anti-
tumoral roles depending on the context. In pro-inflammatory conditions, Macs can
continue to produce pro-inflammatory cytokines to promote tumor response, and the
presence of tumor associated macrophages (TAMs) has been associated with a positive
prognosis in colon [68] and gastric [69] cancers.

However, Macs in cancer are typically associated with a poor prognosis. Their
natural immunosuppressive function during wound healing and tissue repair may be
aberrantly activated in certain cancers and consequently promote tumor growth. This may
take the form of producing pro-angiogenic factors such as VEGF, which improves the
blood supply to the tumor to promote growth [70]. TAMs may also express co-inhibitory
receptors like PD-L1 to directly reduce T cell function [71]. The expression of anti-
inflammatory cytokines such as transforming growth factor B (TGF-B) and IL-10 can
reduce the activation of Thl type responses [72]. In addition, the production of matrix
metalloproteinases by Macs can promote tumor cell invasion and metastasis [73]. Macs
have multiple functions that can inhibit progression through the CIC at many stages and

this resistance must be overcome for effective immunotherapy.

1.2.3 Adaptive immunity in cancer
The innate immune cells have clear and distinct roles in the context of cancer
immunotherapy, and CPI success relies on DC acquisition of tumor associated antigens

(TAAs) and migration to the LN in order to prime T cells responses. However, the major
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CPIs targeting the PD-1/PD-L1 axis or CTLA-4 work predominantly by enhancing the T

cell response.

(D) T cell activation

T cells are lymphocytes identified by the expression of a TCR, which is comprised
of CD3¢, CD34, CD3{ sub-units that associate with TCR o and B chains for the most
common type of T cells. The aff T cells predominantly fall into two major categories; CD4
or CDS. Both types express unique TCRs that can recognize a peptide presented on MHC-
I/II. The expression of the co-receptor CDS8 stabilizes the interaction between TCR and
MHC-I, whilst CD4 stabilizes the interaction between TCR and MHC-II — thereby making
the co-receptor a defining characteristic and the basis for defining these cells by
CD4/CD8. The interaction between the TCR and a peptide-MHC complex on professional
antigen presenting cells, such as cDCls, is one of three signals required to optimally
activate T cells [74].

The co-stimulatory molecules CD80 and CD86 are members of the B7 gene
family. APCs constitutively express CD86 and upregulate its expression following
activation through their PRRs, whereas CD80 is not normally expressed but must be
induced by APC activation [75]. These molecules bind to the co-stimulatory molecule
CD28, which is constitutively expressed on the T cell surface [76]. The co-stimulatory
signal amplifies the signal produced by interaction between the TCR and MHC complex,
and this is known as signal 2 [77].

The final signal is provided by cytokines produced by APCs in response to the
precise PRR that activated the cells. This is because not all pathogens require the same
immune response. For example, a cytotoxic CD8 T cell response is desirable to target

intracellular infections but extracellular pathogens are better controlled by an antibody
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response. This dichotomy is demonstrated in the polarization of T cell response by
exposure to IL-12, which skews CD4 T cells towards a Th1 fate and CD8 T cells acquire
cytolytic functions [78], whereas exposure to IL-4 will skew CD4 T cells towards a Th2
response to promote B cell activation [79]. For cancer immunotherapy, a Th1 response is
preferred as studies inhibiting IL-12 have demonstrated the CD8 T cells can proliferate
following signals 1 and 2 but fail to develop cytolytic functions in the absence of IL-12
[80] [81].

Upon receiving all three signals, a naive T cell will become activated and begin to
divide, and develop specialized effector functions. The transcription factor T-bet is
induced by IL-12 and is required for the development of Th1 functions, particularly IFNy
production [82] [83]. Following activation T cells begin to produce IL-2, which will aid in
the survival and proliferation of the response [11]. In addition, other co-stimulatory signals
may be provided by APCs to promote survival and proliferation. One example is the
interaction between OX40 (T cell side) and OX40-L (APC side), which induces CD4 T
cells to increase production of IL-2 and promotes proliferation [84]. The OX40/0X40L
interaction increases production of Th subset specific cytokines regardless of polarization.
i.e. IFNy in the case of Thl and IL-4 in the case of Th2 response [85]. The successful
activation of tumor antigen-specific T cell responses represents progression through step 3
of the CIC and provides a reservoir of tumor antigen-specific CD8 T cells that can migrate
to the tumor to mediate anti-tumor immunity.

In addition to Thl and Th2 CD4 T cell subsets, there is one further CD4 T cell
subset that plays a critical role in cancer immunity. This is the T regulatory (Treg) cell,
which functions to dampen anti-tumor T cell responses through its immunosuppressive
functions [86]. In the course of fighting a normal infection, Tregs help Macs to restrain

over-active immune responses to prevent excessive damage. Tregs require the
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transcription factor forkhead box P3 (FoxP3) and loss-of-function mutations in humans
are associated with an auto-immune condition known as immune dysregulation,

polyendocrinopathy, enteropathy, X-linked (IPEX) syndrome [87].

(ID) T cell trafficking to the tumor site

Once activated, the tumor specific T cell responses must migrate to the tumor in
order to mediate anti-tumor functions. Naive T cells express CCR7 which enables them to
home to LNs where they can be activated [88]. Effector T cells upregulate the chemokine
receptor CXCR-3 upon activation [89] and is non-redundant for migration to the tumor
site [90]. CXCR-3 enables T cell migration to the tumor in response to CXCL-9 and
CXCL-10 [91]. Expression of CXCL-9/CXCL-10 by APCs, in particular cDCls, has been
shown to be required for effective T cell migration to the tumor site [62]. The importance
of this interaction is supported by the high expression of CXCL-9 and CXCL-10
correlating with positive outcomes following anti-PD-1 therapy in mouse models [92].
This trend is also seen in human cancers, such as skin cutaneous melanoma [93],
colorectal cancer [94], and esophageal squamous cell carcinoma [95].

In cancer, tumors that display high levels of T cell infiltration are referred to as
‘hot’ tumors, whereas those without T cell infiltrates are referred to as ‘cold’. As ‘hot’
tumors have high levels of TILs, it is likely that a lack of response in these tumors is due
to interactions with co-inhibitory receptors (checkpoints) at the tumor site. This is
supported by the correlation between anti-PD-1 blockade efficacy in melanoma patients
and TIL infiltration/PD-1 expression status [96]. In contrast, cold tumors can be further
subdivided into two categories, known as immune-ignorant or immune excluded. In the
case of immune ignorant, there is no evidence of activation and recruitment of T cells to

the tumor site indicating a problem with priming of T cell responses. For immune-
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excluded tumors, TILs can be identified at the periphery of the tumor but fail to penetrate

and therefore have limited anti-tumor functions [97].

(ITD) T cell effector function at the tumor site

Once T cells have reached the tumor (completed step 4 of the CIC), they must
recognize the tumor cells and engage in tumor-cell killing. It is generally accepted that
CDS cytotoxic T cells are the key mediators of anti-tumor immunity. CD8 T cells require
the interaction of the TCR with its cognate peptide-MHC complex to identify target cells
for killing. All nucleated cells express MHC-I and continuously present peptide which can
be ‘scanned’ by CDS8 T cells in the vicinity. Auto-reactive T cells — those that would
recognize normal self-peptides — are screened out during T cell development in a process
known as negative selection. Cytotoxic T cells can mediate anti-tumor immunity through
3 mechanisms:

e Production of [FNy and TNFa

e Perforin and granzyme introduction into cancer cells

e Interaction with cell death ligands like TRAIL [98].

The initial evidence for the role of [IFNy in anti-tumor immunity came from KO
studies where tumor-antigen-specific CD8 T cells from IFNy KO mice were transferred
into WT mice with tumors and shown to be unable to mediate anti-tumor effects [99]. The
production of IFNy has pleiotropic anti-tumor effects. IFNy can directly promote apoptosis
in tumor cells by inducing caspase-1 [100] and -8 [101] through signal transducer and
activator of transcription 1 (STAT1) signaling. Furthermore, IFNy induces the production
of CXCL-9 [102] and CXCL-10, which functions in a positive feedback loop to continue
to attract effector cells that can produce more IFNy. The expression of MHC-I is

upregulated by exposure to [FNy and can enhance the immunogenicity of cancer cells
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[103]. In addition, IFNYy can cause the upregulation of tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) and it’s receptor, which is a membrane protein that
can induce cell death, on tumor cells [104]. TNFa also has pleiotropic effects on tumor
cells and can induce cellular apoptosis, activate effector T cells, and influence Macs to
take on a more pro-inflammatory, anti-tumor phenotype [105].

In addition to the effects of cytokines, and the TRAIL death ligand, cytotoxic T
cells can also induce cell death in tumor cells by directly introducing granzymes, serine
protease enzymes, into the cytosol of the tumor cells. The formation of the TCR-MHC-I
synapse polarizes the cytoskeleton of the T cell. Granules containing perforin and
granzymes translocate to the immunological synapse and are released into the synaptic
cleft. The perforin integrates into the tumor cell membrane and forms pores allowing the
granules with granzymes to pass into the cytosol. The granzymes degrade substrates
required for normal cell function and cause apoptosis [106]. Perforin is required for this
process as evidence by the lack of efficacy of perforin KO mice in clearing tumors [107].

Together these mechanisms underpin much of the success of immunotherapeutic

interventions. However, as tumors evolve, they also develop resistance mechanisms.

1.2.4 Tumor immune evasion
Tumor immune evasion can take many forms, but can all be linked back to
inhibiting progression through the CIC. The three major areas that will be covered are:
1. Inhibition of T cell priming (CIC steps 1-3)
2. Inhibition of T cell migration and infiltration of the tumor (CIC Step 4/5)
3. Immunosuppression of T cell functions at the tumor site (CIC step 5/6)
Understanding the mechanisms that underpin cancer immune evasion will enable the

development of effective immunotherapeutics.
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(I) Inhibiting priming of T cell responses

In order for T cell responses to develop, antigen must first be released from dying
cells along with DAMPs that can activate APCs to migrate to the LN for T cell priming.
However, not all cell death is immunogenic and some cancers are capable of undergoing
physiological apoptosis, which does not elicit an immune response and is referred to as
tolerogenic cell death (TCD) for cancer cells [108]. To achieve TCD, cancer cells may
down-regulate the expression of “don’t eat me” signals such as CD47 [109], and
upregulate “eat me” signals like phosphatidylserine which signals for phagocytes to engulf
the cell [110]. When macrophages engulf a cell undergoing physiological apoptosis,
DAMPs are not released and a proinflammatory response is not initiated. The importance
of phosphatidylserine was demonstrated in a study of mouse lymphoma. Mice were
vaccinated with irradiated lymphoma cells that had masked phosphatidylserine with
Annexin V and resulted in better tumor clearance than irradiated cells with unmasked
phosphatidylserine. This was associated with increased release of proinflammatory
cytokines in the masked vs unmasked group [111]. Co-opting physiological apoptosis is
one of the ways cancer cells avoid inducing an immune response to TAAs.

In addition, tumors may inhibit the activation and maturation of cDC1s through the
production of inhibitory cytokines and down-regulation of cytokines required to attract
cDCls to the tumor. For example, production of B-catenin in the tumor is associated with
a reduction in cDCls in the tumor, T cell exclusion, and lack of responsiveness to CPI in
melanoma. This is a result of B-catenin signaling reducing CCL4 expression, which is the
chemokine that mediates recruitment of cDCls to the tumor [55]. Alternatively, tumor
infiltrating NK cells may produce CCL5 to promote cDC1 migration into the tumor.
However, NK cells may be inhibited by the production of prostaglandin E, (PGE»),

thereby also reducing ¢cDC1 infiltration and survival [112]. Vascular endothelial growth
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factor (VEGF) inhibits the activity of the transcription factor NF-kB, which is required for
complete cDC development [113]. Finally, IL-10 produced by Macs at the tumor site can
inhibit IL-12 production by cDCls, thereby abrogating induction of CD8 T cell responses
[114]. This is a non-exhaustive list of the potential roadblocks cDC1s must overcome in

order to gather TAAs, migrate to the LN, and prime anti-tumor CD8 T cell responses.

(IT) Inhibiting T cell migration to the tumor

Many of the immunosuppressive functions described for inhibiting T cell priming
also negatively impact recruitment of effector T cells to the tumor site. Additional
mechanisms can take the form of attracting immunosuppressive cells or misdirecting
effector T cells so they do not co-localize with tumor cells. Stromal cells in the tumor have
been shown to produce CXCL12, which can attract effector T cells and segregate them
away from tumor cells and within the stromal compartment of a tumor. In a mouse model
of pancreatic cancer, treating mice with both a CXCL12 inhibitor and anti-PD-1 improved
efficacy of checkpoint blockade [115]. In addition, the chemokine CCL2 has also been
associated with increased tumor infiltration. However, it is not specific for effector T cells
and can recruit myeloid derived suppressor cells (MDSCs) and Tregs, which can mediate
immunosuppressive effects on effector T cells [116]. In addition, the nitrosylation of
CCL2 produced in the tumor environment can inhibit its ability to recruit T cells, but
enables it to retain its MDSC recruitment functions, thereby providing an asymmetric
signal to increase suppressor cell recruitment [117].

In addition to the chemokine signals, T cell require signals like E-selectin and
vascular cell adhesion molecule 1 (VCAM-1) in order to translocate from the bloodstream
into tissue. During angiogenesis in the tumor, the expression of VEGF and fibroblast

growth factor (FGF) downregulates the expression of these adhesion molecules on
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endothelial cells and prevents T cells from attaching to the vasculature and entering the
tissue [118]. The vasculature associated with tumors therefore provides a barrier to
extravasation of T cells into the tumor site. These inhibitory features represent some of the
factors that cause a “cold” tumor phenotype, with low TIL infiltration and low probability

of response to CPIs.

(IIT) Immunosuppression at the tumor site

The final stages of the CIC occur when effector CD8 T cells have successfully
managed to infiltrate the tumor. However, the tumor cells and TME still employ numerous
inhibitory mechanisms to hinder tumor cell killing. These involve:

1. Co-inhibitory receptors to suppress T cell function

2. Loss of MHC-I or signaling components to respond to IFNy

3. Selection over time for tumor cells without T cell recognized antigens
The best studied and most clinically relevant of these is the use of co-inhibitory receptor
antibodies, though the others have interesting ramifications for T cell therapeutics.

The natural function of co-inhibitory receptors in immunity is to prevent auto-
immunity and enable the immune response to be reined in once it has fulfilled its role in
clearing an infection or cancer. The expression of PD-1 is induced upon activation of T
cells, and if these cells are continuously exposed to antigen they will upregulate other co-
inhibitory receptors like T cell immunoglobulin-3 (Tim-3). These co-inhibitory receptors
enable activated T cells to respond to different environmental cues so they can efficiently
mediate their function without causing damage [119].

PD-1 can interact with either PD-L1 or PD-L2, and interaction between receptor
and ligand can induce a more exhausted phenotype in effector T cells. Exhaustion in this

context refers to a reduction in ability to produce IFNy as well as reduced proliferation.
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This can be reduced/reversed by treating with a blocking antibody, as demonstrated
initially in mouse studies of chronic viral infection [120]. The expression of PD-L1 is
induced on tumor cells by exposure to IFNy [121]. The efficacy of blockade has been
exploited to develop CPIs in humans that have improved outcomes for cancer patients
across a wide variety of cancer types, as previously discussed. Recently, multiple groups
reported that the CD8 T cells that respond to anti-PD-1 blockade could be identified by the
co-expression of transcription factor 7 (TCF-7) and PD-1 [46] [122]. These represent a
reservoir of ‘stem-like’ cells that can proliferate after CPI in both mice and humans [47].

Tim-3 was originally identified on Th1 CD4 T cells and cytotoxic CD8 T cells
[123], though is now known to be expressed on Tregs and multiple innate immune cells
such as cDCl1s. Knowledge of its role as an inhibitor of the immune response came from
Tim-3 deficient mouse studies that developed spontaneous auto-immune conditions [124].
Co-expression of Tim-3 and PD-1 on CD8 T cells is associated with severe exhaustion,
and these cells were capable of producing IL-10 (immunosuppressive) and could not clear
chronic viral infection [125]. Moreover, a similar exhaustion phenotype was described in a
mouse model of acute myelogenous leukemia, and tumor regression could in part be
restored by combined blockade of both receptors [126]. PD-1+ Tim-3+ CD8 T cells have
been identified in patients with melanoma and respond to co-blockade of PD-1/Tim-3 by
increasing production of cytokines and proliferation relative to unblocked cells. Co-
blockade was shown to be synergistic in culture and provides a basis for testing this in
humans [127]. For this reason, Tim-3 blockade, in combination with PD-L1 or PD-1
blockade is being pursued in multiple trials [128].

In addition to co-inhibitory receptors, cancer cells have also been observed to lose
expression of MHC-I. This can occur through loss of the f2m sub-unit of MHC-I, which

prevents the cell from presenting any peptides to T cells. In humans, this was first
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identified as a possible mechanism of immunoresistance in 1996 in a series of metastatic
melanoma patients [129]. Additionally, cancer cells may acquire mutations that affect
signaling through the janus kinase (JAK) STAT pathway downstream of [FNy signaling.
This would make the cells refractory to T cell produced IFNy. Mutations in Jak1/Jak2 that
inhibit functional IFNy signaling have been observed in melanoma patients who
developed resistance to PD-1 blockade [130]. Finally, if effector T cells manage to avoid
these immunosuppressive mechanisms they will kill the tumor cells that they are capable
of recognizing. Over time, this may lead to the selection of tumor cell clones that are less
immunogenic, or have acquired some of the resistances mentioned here.

The myriad factors that impede effective cancer immunotherapy are unlikely to be
addressed by a single therapeutic and are likely to require multiple interventions to target
the different resistance mechanisms. Overall, one of the major resistance mechanisms is
the lack of CD8 T cell responses primed in many patients, thereby precluding them from
benefiting from any intervention that targets the later stages of the CIC. Vaccination is one

intervention that can be developed to address this issue.

1.3 Therapeutic Cancer Vaccination
1.3.1 Rationale for cancer vaccination

To address some of the limitations of current immunotherapies it is necessary to
develop complementary interventions that can enhance the effect of current treatments. In
the case of CPlIs, these require a pre-existing T cell response which not all patients are
capable of generating. Vaccination has historically been an excellent strategy to induce
immunity against infectious diseases, though this has always been a prophylactic

intervention. In the context of cancer, vaccination would be a therapeutic strategy to
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induce de novo or boost pre-existing T cell responses against tumor antigens [131].
Generating T cell responses through vaccination could be synergistic with CPI use.

The idea of cancer vaccination is not novel and has been tested historically in a
number of different ways, with limited clinical success thus far. The earliest vaccination
strategies were comprised of patient tumor cells, which would be irradiated and then
admixed with an immunostimulatory agonist to be readministered to the patients. These
autologous cell vaccination strategies were tested in patients with lung cancer [132],
colorectal cancer [133], and renal cell cancer [134], but had limited therapeutic efficacy.
One further problem with autologous cell vaccination is that it may require tumors to be
advanced enough in size to be able to surgically resect the cells needed to make the
vaccine, and so may be limited to late-stage cancer patients who are less likely to respond
to intervention.

A different form of autologous cell vaccination involves isolating peripheral blood
mononuclear cells (PBMCs), or even more specifically DCs and loading them with patient
TAAs to then re-infuse these loaded cells into the patient to generate an adaptive immune
response. The only FDA approved therapeutic cancer vaccine (Sipuleucel-T) to date is an
autologous cell vaccine used in the treatment of prostate cancer that is based on this
strategy. To generate Sipuleucel-T, PBMCs are isolated from patients and incubated in
vitro with a recombinant fusion protein made by fusing prostatic acid phosphatase (PAP)
to granulocyte-macrophage colony-stimulating factor (GM-CSF). The purpose of GM-
CSF is to activate DCs to promote maturation and adaptive immune response initiation.
These cells are then re-infused into the patient to generate a T cell response against PAP.
In patients with castration resistant prostate cancer, this resulted in a median increase of
4.1 months in the treated vs untreated groups in terms of survival [135]. Subsequent work

on cancer vaccines has aimed to build on this initial success and improve upon it.
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Improving the efficacy of cancer vaccines requires understanding the shortcomings
of current technologies. There are three major factors that have likely limited the efficacy
of cancer vaccines thus far. The first is the selection of the target TAA, as not all TAAs
share the same features and this can present challenges in targeting tumor cells effectively
and specifically [136]. The second is the technology used for eliciting CD8 T cell
responses. Historically, vaccination has been used to elicit potent responses against
infections which relies heavily on an antibody response rather than a CD8 T cell response.
Many vaccine technologies were thus designed to achieve high titers of neutralizing
antibodies, without necessarily ensuring effective CD8 T cell response priming [137].
Finally, the TME is highly immunosuppressive and to address this, it is likely that a
vaccination strategy would have to be paired with a CPI intervention to ensure maximal

efficacy.

1.3.2 Types of antigen to target

Tumors can present a variety of different types of antigen for recognition by
cytotoxic T cells. Mutations, aberrant transcription/translation, or viral transformation can
all result in cancer cells producing peptide fragments that could be recognized by CD8 T
cells if presented on MHC-I. As a result, there are 4 main types of TAA, namely
neoantigens, melanoma antigen family (MAGE) -type antigens, viral antigens and over-
expressed antigens or tissue-specific antigens [136]. These antigens differ in many

regards, which makes some more suitable for cancer vaccination than others.

(I) Over-expressed or tissue specific antigens
Over-expressed antigens are usually tissue-specific antigens that are expressed at

higher levels on tumor cells than on healthy tissue. These are not tumor-specific, and so T
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cell responses that recognize these will also recognize the same antigens on healthy tissue,
which can result in auto-immune activity [136]. Additionally, T cells clones that would
naturally recognize many of these self-antigens would be selected out during development
through central tolerance to limit the possibility of auto-immunity. This may limit the
ability to induce effective CD8 T cell responses against these self-antigens through
vaccination.

There are however some antigens against which central tolerance does not appear
to remove possible T cell clones. In melanoma patients, spontaneous T cell responses can
be primed against melanocyte specific antigens such as Melan-A [138] and tyrosinase
[139]. This will enable the T cells to recognize both the melanoma cells and melanocytes
as non-self. This likely underpins the correlation between spontaneous melanoma
clearance and the development of vitiligo, which is an auto-immune condition responsible
for loss of pigmentation in regions of the skin, in some patients [140].

Similarly, the restricted expression of prostate-specific antigen (PSA) and PAP to
prostate tissue enables vaccine design to elicit anti-PSA and anti-PAP T cell responses to
promote anti-prostate cancer immunity. Sipuleucel-T was designed to prime T cell
responses against PAP, and a different vaccine (PROSTVAC) was designed to target PSA.
PROSTVAC is a viral vector vaccine, consisting of a combination approach using a
recombinant vaccinia virus prime followed by fowlpox vector boosts. The viruses encode
three co-stimulatory molecules and the PSA protein as an antigen [141]. PROSTVAC
showed promising results in a phase II trial [142], but eventually failed in phase III as
patients in the treated group did not display significantly improved survival rates as
compared to controls [143]. Overall, these tissue-specific over-expressed antigens may not

be particularly suitable for cancer vaccination strategies due to the potential for off-target
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effects and the possible limitations that central tolerance may impose on the development

of T cell responses.

(II) MAGE-type antigens

MAGE-type antigens are encoded in genes known as cancer germline genes, many
of which are X-chromosome linked. The expression of these genes is tightly controlled
and they are usually only expressed on male germline cells, the placenta, and cells in the
developing trophoblast. During cancer development, cancer germline genes may be
expressed by tumor cells. The cells in which cancer germline genes would be normally
expressed are considered ‘immune-privileged’, which means that the cells of those tissue
do not express MHC-I and therefore can’t present peptide for recognition by CD8 T cells.
This makes aberrantly expressed MAGE-type antigens a suitable target for vaccination as
anti-MAGE-type antigen T cell responses should specifically target tumor cells [144]. In
humans, cytotoxic CD8 T cell responses against MAGE-type antigens have been detected
in patients with melanoma [145]. Additionally, cancer germline genes have been shown to
be expressed by multiple different cancer types including lung carcinoma and colorectal
cancer, thus demonstrating the breadth of tumor types that could potentially be targeted by
MAGE-type antigen vaccination [146].

Despite the tumor specificity and array of tumors that have been shown to express
MAGE-type antigens, an effective T cell vaccine has not yet been developed. Two recent
phase III clinical trial undertaken by GSK aimed to induce immunity against MAGE-A3
in melanoma [147] and lung [148] cancer patients. Patients had been pre-screened for
tumor expression of MAGE-A3 to ensure the target was present in patient tumors. The
vaccine was made of recombinant MAGE-A3 protein admixed with the adjuvant ASO15.

Both clinical trials failed to show an increase in progression free survival compared to
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control groups. Despite these failures, MAGE-type antigens continue to be pursued as a

clinical target for cancer vaccination due to their desirable characteristics.

(IIT) Viral antigens

The most well studied viral antigens in cancer immunotherapy are E6 and E7,
which are expressed by human papilloma virus (HPV) and promote tumorigenesis [ 149].
The benefit of viral antigens is that they are uniquely expressed in the tumor and are
entirely non-self, therefore carry a much lower risk of generating cross-reactive T cell
responses against normal tissue peptides. Two prophylactic vaccines against HPV have
been approved by the FDA to combat the incidence of HPV-related cancer, and they
achieve this by eliciting an antibody response against HPV and preventing infection [150].
However, vaccines to target E6 and E7 by inducing a CD8 T cell responses in patients
who already have HPV+ tumors are being developed. They have been reasonably
successful across trials in eliciting CD8 T cell responses against E6 and/or E7 and
providing modest improvements in outcomes, though none are yet FDA approved [151].
The downside for viral antigens is that not all tumors are the result of viral transformation
and so these vaccines have a restricted utility to those patients who have tested positive for
virally induced malignancies. One major benefit for the field is that these trials provide
proof-of-concept evidence for different types of cancer vaccine platforms to elicit

effective immune responses.

(IV) Neoantigens
Neoantigens are perhaps the most novel TAAs recognized to date. They are the
result of mutations altering the amino acid sequence of proteins produced in the cell, and

as a result are exclusively expressed in tumor cells. The tumor specific expression of
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neoantigens means that central tolerance would not have removed potential CD8 T cell
clones that could recognize these from the T cell pool. Neoantigens can arise through
point mutations at the gene level that lead to a single amino acid change in a peptide
sequence. This may alter the way in which the peptide is presented on MHC-I relative to
the normal sequence or may enable a peptide sequence that wouldn’t have been presented
normally to bind to the MHC-I groove [152]. Alternatively, frame-shift mutations
(insertions or deletions) can cause the production of entire amino acid sequences that are
unique, and therefore could have numerous epitopes not present in any normal tissue
[153]. Lastly, gene-fusions can result in unique amino acid sequences that may contain a T
cell epitope capable of being presented on MHC-I [154].

Evidence for the importance of neoantigens comes from multiple sources. Analysis
of two independent cohorts of NSCLC patients treated with anti-PD-1 therapy found that a
higher tumor mutational burden (TMB) was positively correlated with increased
progression free survival and improved objective response rate following treatment [155].
A high TMB is hypothesized to result in a higher number of neoantigens that could be
recognized by T cells, and underpins the improved efficacy of CPIs in tumor with high
TMB. This may explain why tumors that have low TMB are typically less responsive to
CPIs.

In addition, a clinical trial tested pembrolizumab (anti-PD-1) in metastatic
colorectal cancer patients, whose tumors could be segregated by mismatch repair
proficiency or deficiency. Mismatch repair deficiency in colorectal cancer is associated
with a 10-100 times higher rate of somatic mutations than mismatch repair proficient
tumors. Pembrolizumab treatment resulted in progression free survival for 78% of patients
with mismatch repair deficient carcinomas as compared to 11% in patients with mismatch

repair proficient cancers [156]. In a follow up study, the observation that mismatch repair
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deficient tumors are sensitive to PD-1 blockade was expanded to 12 different cancer types.
The objective response rate was 53% of patients, with a complete response observed in
21%. Furthermore, tumor antigen-specific clones were identified in a responding patient
that were shown to recognize neoantigens expressed by their tumor. This supports the idea
that mutations can result in highly tumor specific CD8 T cell responses that expand after
PD-1 blockade [157].

The association between TMB and cancer response to CPI has been expanded in a
meta-analysis of multiple tumor types and their response to PD-1 blockade. These
analyses have shown a strong positive correlation across tumor types between TMB and
PD-1 blockade efficacy [158] [159]. Interestingly, in patients that are not treated with
CPIs there is no correlation between TMB and survival when averaged across different
tumor types, and even a negative correlation between TMB and progression free survival
in some tumor subtypes [160]. The prognostic value of high TMB has reached a point
where some groups are developing blood-based assays to assess TMB. This has been
shown in a proof-of-concept retrospective analysis of two large randomized trials to
reliably identify patients that are likely to respond to the anti-PD-L1 inhibitor
atezolizumab [161]. This removes a significant barrier to patient stratification for
treatment as it can often be difficult to biopsy sufficient tissue to assess prognostic
markers to support a particular intervention.

Supporting evidence for the correlation between high TMB and increased T cell
presence came from assessing 515 patients from six tumor sites that had RNA-sequencing
data available on the cancer genome atlas (TCGA). A positive correlation between the
TMB and expression of CD84, as well as T cell exhaustion markers such as PDCD1 and
CTLA4, was identified through this analysis. Tumors with low TMB were also associated

with reduced T cell infiltration, suggested again by RNA-sequencing [162]. A follow up

33



Introduction

study found that the number of predicted MHC-I neoantigens across 18 tumor types
positively correlated with cytolytic activity, which was approximated by the expression of
granzyme A (GZMA) and perforin (PRF1) [163]. This correlation was lower than expected
for some cancer types, such as colorectal cancer, and the authors hypothesized that this
was due to effective immune mediated killing of neoantigen containing tumor cells. This
process is known as immunoediting, whereby the tumor evolves in response to the
immune selection pressure to become less immunogenic [ 164].

Thus far the evidence for neoantigens as suitable targets of anti-tumor immunity
have been correlational. In recent years, two small trials with human patients using
adoptively transferred neoantigen-specific T cells have also demonstrated an ability to
promote tumor regression [165] [166] . In both cases, neoantigen-specific T cells were
isolated from patients, expanded ex vivo and re-infused into patients to mediate anti-tumor
immunity. One patient had metastatic colorectal cancer, with 7 concomitant metastases in
the lungs. The tumor harbored a specific constitutive activation mutation in KRAS
(G12D) that promotes proliferation and could be presented on HLA-C*08-02 (human
leukocyte antigen, humanized nomenclature for MHC-I). This neoantigen could be
recognized by 4 distinct T cell clones derived from the patient, and regression was
observed in all 7 lung metastases following infusion. One lesion progressed after 9 months
and was found to have lost the chromosome encoding HLA-C*08-02, meaning it could no
longer present this neoantigen to T cells. This is an example of immunoediting and results
in effective tumor immune evasion against this particular intervention [165]. In a separate
human trial, a patient with metastatic cholangiocarcinoma was infused with a >95% pure
preparation of patient derived CD4 T cells that could recognize a mutated form of
ERBB2IP expressed by the tumor and experienced tumor regression [166]. This highlights

the under-appreciated role that neoantigen-specific CD4 T cells may play in anti-tumor
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immunity. Collectively, these two trials provide direct evidence for the potential of
neoantigen-specific T cell responses to mediate anti-tumor immunity.

Finally, in mouse tumor models, vaccination against neoantigens expressed by
either the B16F10 mouse melanoma model [167] or the MC38 colorectal cancer model
[168] have been shown to elicit efficacious anti-tumor T cell responses. In addition,
neoantigens that induce a CD4 T cell response were also found to be able to mediate
tumor regression in B1I6F10 [169]. Collectively, the data from mouse and human cancers

has revealed neoantigens to be an excellent target for therapeutic vaccination.

1.3.3 Vaccine platforms
Once an antigenic target has been selected, it is important to develop a vaccination
platform that is well suited to eliciting T cell responses, particularly in humans. Most
vaccine platforms developed for infectious diseases have been developed to induce
neutralizing antibody responses and so may not be the most effective vectors for inducing
T cell immunity [137]. There are three major classes of vaccine platform in development
for tumor therapy (not including cell based vaccines) and these are:
1. genetic vaccines (based on RNA/DNA, focus will be on RNA)
2. viral vectors (e.g. adenoviruses, vaccinia virus, fowlpox, etc.)
3. protein/peptide and adjuvant vaccines (e.g. PROSTVAC, focus will be on
peptide).
These platforms are not equally well-suited to elicit CD8 T cell responses or for use in

targeting all antigen types, so a better understanding of these platforms is required.
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(I) RNA vaccines

There is currently a lot of enthusiasm surrounding RNA vaccines due to the
successes of the Pfizer and Moderna vaccines in combating the SARs-CoV-2 pandemic.
These were the first RNA vaccines developed and deployed at scale, which demonstrated
2 major benefits of this type of vaccine platform — they can be rapidly developed and
manufactured at scale, and they can safely induce protective immune responses in humans.

For cancer, RNA vaccines have been tested in mouse models and more recently in
a human trial. The RNA is typically delivered within a lipoplex nanoparticle as the RNA
functions as the adjuvant for this vaccine. In order to generate neoantigens the RNA must
be translated and so therefore relies on being taken up by APCs. The proof of concept was
demonstrated by Kreiter and colleagues who vaccinated mice with B16F10 tumors with a
single CD4 neoantigen mRNA vaccine and were able to show tumor control [169].

This was followed up with the first RNA based personalized cancer vaccine
clinical trial [170]. The good manufacturing practice (GMP) production of personalized
RNA vaccines ranged from 49 to 102 days, demonstrating the speed with which this
platform can be adapted to produce unique vaccines. For each patient, 10 neoantigens
were selected for use in the vaccine design. These vaccines were injected directly into
inguinal lymph nodes to maximize the probability that they would be picked up by DCs.
All patients were shown to develop T cell responses against multiple antigens encoded in
the RNA vaccine. Of the 5 patients, 3 displayed an objective response and 1 of those was a
complete response after receiving anti-PD-1 blocking antibody [170]. This trial was the
first glimpse that neoantigen vaccination may be able to induce meaningful anti-tumor T

cell responses in humans, and development of these platforms is currently underway.
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(IT) Viral vectors

Viruses are naturally immunogenic and as such are some of the most potent CD8 T
cell inducing vectors in existence. This is likely due to the natural function of CD8 T cells,
as they specialize in the destruction of cells infected by intracellular pathogens. With the
current understanding of molecular biology, it is possible to create recombinant viral
vectors that encode antigens and/or co-stimulatory molecules to elicit potent immune
responses, such as PROSTVAC [171].

One major family of viruses that is being investigated for eliciting CD8 T cell
responses following vaccination is adenoviruses. Adenoviruses are double stranded DNA
viruses that were originally being developed for gene therapy due to the sustained
transgene expression they exhibited [172]. This sustained expression, along with the broad
tissue tropism they display, and the potent immune responses they can elicit suggested
adenoviruses might be better suited to a role as a vaccination platform.

However, not all adenoviruses are suitable for use as a vaccine. Human
adenoviruses naturally infect people and generate neutralizing antibodies against the virus.
If these are naturally present in a large proportion of the population, it limits the utility of
that virus (and similar vectors) as the neutralizing antibodies are likely to negatively affect
the viral vector’s ability to infect cells and produce transgene products to elicit immunity
against the antigen of interest. To avoid this, recent efforts have focused on developing
viral vaccines that are derived from viruses with low human seroprevalence — for example
chimp adenoviruses.

A further limitation of using viruses is that patients may develop anti-vector
neutralizing antibodies post vaccination. This may limit the number of times a vaccine
may be administered to a patient to effectively boost immune responses. One method to

deal with vaccine induced anti-vector immunity is to use a heterologous prime boost
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vaccination strategy, where one viral vector is used to prime responses and a different
vector is used to boost. The combination of adenoviral vector prime and modified vaccinia
Ankara (MVA) boost has been shown to elicit higher magnitude CD8 T cell responses
than homologous vaccination against hepatitis C virus (HCV) [173], HPV [174], and
malaria [175] antigens.

The chimp adenovirus oxford 1 (ChAdOx1) virus was derived from a chimp
adenovirus isolate Y25 [176]. It has been successfully tested in a mouse model of prostate
cancer and shown to elicit T cell responses against six transmembrane epithelial antigen of
the prostate 1 (STEAP1) when used in combination with MVA. When this heterologous
prime boost approach was combined with PD-1 blockade, this improved survival and
resulted in a 80% of mice achieving tumor-free status [177]. A similar second study
targeting the oncofetal glycoprotein 5T4 was also undertaken and shown to achieve
similar results, demonstrating the utility of heterologous prime boost when using
ChAdOx1 and MVA [178]. These results led to a phase I clinical trial involving 40
patients with prostate cancer who were vaccinated with 5T4 encoding ChAdOx1 followed
by MVA. Most patients developed T cell responses against 5T4 and the vaccination
strategy was well tolerated. Effects on tumor regression and survival are pending, and will
be expanded upon in a follow up phase I/II trial known as ADVANCE [179].

The combination of ChAdOx1/MVA has also recently been tested in a mouse
mastocytoma model that expresses the antigen P1A —a mouse MAGE-type antigen. In this
model, heterologous prime boost was shown to synergize with anti-PD-1 blockade and
enabled tumor control. The heterologous prime boost approach also promoted CD8 T cell
infiltration into the tumor and was associated with a reduced expression of PD-1 on P1A-

specific CD8 T cells in the tumor [180].

38



Introduction

In pre-clinical models, ChAdOx1 has often been given in combination with MVA
as a boost to elicit potent anti-tumor immunity. The results support the use of these vectors
in combination for cancer vaccination in patients. Thus far, there has been no publication

utilizing these viral vectors to target neoantigens.

(IIT) Peptide and adjuvant vaccines

Peptide adjuvant vaccines were initially developed to induce CD8 T cell immunity
by using the minimal epitope (peptide fragment presented on MHC-I) and admixing this
with an adjuvant. The theory was that the minimal epitope peptide would be easily loaded
on to MHC-I and this would elicit potent CD8 T cell responses. However, it was quickly
found that this was sub-optimal for two reasons. First, the peptide could be presented on
MHC-I by cells other than APCs in the absence of appropriate co-stimulation and this
could result in tolerized CD8 T cell responses. A second observation associated in
particular with vaccination with short minimal epitopes formulated with incomplete
Freund’s adjuvant (IFA) is that T cells may accumulate at the vaccine site and appear to
die due to a lack of co-stimulation and CD4 T cell help [181].

To address these problems, the field of peptide based vaccination for T cells has
moved towards using the synthetic long peptide (SLP). These peptides are usually 25-35
amino acids long, and the minimal epitope is placed in the middle of the sequence. This
helps restrict presentation to professional APCs that are able to process the peptides and
load them onto MHC-I [182]. In addition, the use of longer peptides allows for the
possibility of a CD4 T cell epitope to also be present in the vaccine, which may be
beneficial to inducing CD8 T cell immunity or have complimentary anti-tumor functions

[183] [184].
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In 2014, one group adapted this approach to target neoantigens expressed by the
mouse colorectal cancer model MC38. To achieve this, it was important to develop a
strategy for identifying neoantigens for vaccination. This process was comprised of
multiple steps:

1. Whole exome and RNA sequencing

2. Mutation identification

3. Insilico translation of mutated gene sequences to generate neoantigen peptide

sequence

4. MHC-I binding prediction and rank ordering by predicted binding affinity

5. Neoantigen selection and SLP production for vaccination
In this study, the MC38 cancer line started with 1,290 possible transcript coding
variations, which culminated in the identification of 7 neoantigens. These were validated
by mass-spectrometry to bind to MHC-I. However, upon vaccination of mice with SLP
and poly-ICLC (a commonly used TLR-3 agonist), only 3 neoantigens were validated as
being immunogenic. Vaccination with these peptides was still able to delay tumor growth
in a prophylactic study using MC38 [168].

This work was foundational for a phase I clinical trial in melanoma patients that
targeted neoantigens by using SLP with poly-ICLC. The process of identifying patient
neoantigens contained the same steps as in the mouse study and the RNA neoantigen
vaccine trial [170]. In another study, the SLP and poly-ICLC vaccine was able to induce
better CD4 T cell responses (58/90, 60%) than CD8 T cell responses (15/90, 16%) in
human patients [185]. There were no therapeutic outcomes in this trial, it was just to
assess safety and immunogenicity. The neoantigen vaccine studies illustrate the difficulty
in targeting neoantigens for vaccination, as a patient has limited time to wait for the

production of personalized vaccines and the process is complex.
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One recently developed vaccine platform based on SLP and adjuvant is the self-
assembling nanoparticle-TLR7/8 agonist (SNP-7/8a or SNP) vaccine, which is formed by
conjugating a modified SLP to a hydrophobic block covalently linked to the TLR agonist
[186]. The rationale for using a TLR-7/8 agonist was because of the wide-spread
expression of TLR7/8 across multiple APC subsets in both mice and humans. TLR-7/8
activation is associated with a strong type I IFN response and production of IL-12 which
favors induction of cytotoxic CD8 T cells and Th1 CD4 T cell responses [187]. The SNP
vaccine can deliver almost any SLP antigen as a 20-50 nm nanoparticle in solution. In
addition, because the peptide is directly conjugated to the hydrophobic block containing
the TLR-7/8 agonist, peptide will always be taken up with the appropriate stimulant. This
formulation has been shown to prime superior CD8 T cell responses against neoantigens
as compared to SLP given with poly-ICLC. SNP not only stimulated a higher magnitude
response, but also elicited CD8 T cell responses against all 7 mass spectrometry validated
neoantigens, including those that did not elicit a response when given as SLP and poly-
ICLC [186].

One further interesting finding with the SNP vaccine was the importance of route
of vaccination for CD8 T cell quality and efficacy in clearing MC38 tumors in mice. Mice
that were vaccinated subcutaneously (SC) achieved approximately ~10 fold higher
magnitude antigen-specific CD8 T cell responses in the blood as compared to mice that
were vaccinated intravenously (IV). However, IV SNP elicited CD8 T cell responses had a
greater frequency of ‘stem-like’ cells than SC. Moreover, in the therapeutic setting SC
vaccination was unable to elicit any tumor regression in the MC38 model, whereas IV
vaccination routinely cleared ~40-50% of tumors [188]. This suggested that the route of

vaccination may be an important factor to consider when eliciting CD8 T cell responses.
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1.4 Specific Aims

Previous members of the Seder lab developed the novel SNP vaccine platform.
SNP effectively induces neoantigen-specific anti-tumor CD8 T cell responses against
MC38 in mice. However, upon testing SNP for immunogenicity in non-human primates,
the magnitude of elicited CDS8 T cell responses was found to be very low [186]. In
contrast, ChAdOx1 can induce high magnitude CD8 T cell responses in mice and humans.
However, due to anti-vector immunity, ChAdOx1 may be more limited in the number of
times it can be given. Additionally, production time for personalized viruses is likely to be
longer than peptides, time which may be critical for effective intervention for a patient.
My DPhil project therefore sought to combine SNP and ChAdOx1 to determine if
heterologous prime boost using these platforms could elicit more potent anti-tumor
immunity than either platform alone. Neoantigens were selected as the target because they
are the most tumor specific antigens and should be applicable to almost any tumor type.
The specific aims were:

1. To determine if heterologous prime boost using SNP and ChAdOx1 increases
magnitude of antigen-specific CD8 T cell responses relative to either platform
alone, and characterize the effect on T cell quality

2. To understand the effect of route of vaccination and interval between prime
and boost on antigen-specific CD8 T cell responses

3. To determine if heterologous prime boost elicited CD8 T cell responses are
capable of mediating tumor control in the prophylactic and therapeutic setting

4. To determine what role, if any, activation of innate immunity following IV

vaccination has in mediating anti-tumor immunity
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Chapter 2

Materials and Methods
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2.1 Materials
2.1.1 Reagents and kits

Table 2.1 List of reagents and kits

ABTS (2,2’-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid))
ACK (Ammonium-Chloride-
Potassium) lysing buffer
Anti-CD16/CD32 (Mouse BD Fc Block)
Anti-mouse CD28 (37.51 clone)
ArC Reactive amine Beads

BD Cytofix/Cytoperm™

BD Golgiplug

BD Horizon Brilliant Stain Buffer
Dasatinib

DH5a competent cells

Dimethyl sulfoxide (DMSO)
eBioscience™ Foxp3 / Transcription
Factor Staining Buffer Set

Heparin

IFNo ELISA Kit

Isoflurane, USP

Kpnl Restriction Enzyme
LIVE/DEAD™ Fixable Blue Dead Cell
Stain Kit

Murine IL-12 ABTS ELISA Kit
Murine IP-10 ABTS ELISA Kit

Notl Restriction Enzyme

Plasmid MIDI kit

Pmel Restriction Enzyme

Milliplex MAP mouse
cytokine/chemokine Magnetic Kit
Paraformaldehyde (PFA, 16%)
Phosphate buffered saline (PBS)
Streptavidin PE (SaPE)
Trypsin-EDTA (0.25%)

Tween-20

ViaStain AOPI Staining Solution

Sigma

Quality Biological

BD Biosciences
BD Biosciences
BD

BD Biosciences

BD Biosciences

BD Biosciences

Selleckchem

Thermofisher Scientific

Sigma-Aldrich
Invitrogen, Thermofisher

Scientific
Fresenius Kabi
Pbl Assay Science
Baxter Healthcare Corp.
New England Biolabs

ThermoFisher Scientific

Peprotech
Peprotech
New England Biolabs
Qiagen
New England Biolabs
Millipore Sigma

Electron Microscopy Sciences
Gibco
BD Biosciences
Gibco, Life Tech
Sigma
Nexcelom Bioscience

Materials and Methods

A3219

118-156-101

553142
553294

554714
555029
566385

51021
18258012
276855-100mL
00-5523-00

NDC 63323-540-05
42115-1

NDC 10019-360-60
R0142S

L34962

900-K97
900-K153
R0189S
12143
R0O560S
MCYTMAG-70K-
PX32
15710
10010-023
5866
25200-056
P-7949
CS2-0106
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2.1.2 Buffers and media
(1) Table 2.2 Complete RPMI

Reagent

RPMI 1640
FBS

Penicillin/Streptomycin/Glutamine (100X)

Non-essential Amino Acids (100X)
Sodium Pyruvate (100mM)
Hepes Buffer (1M)
2-mercaptoethanol (1000X)

(11) Table 2.3 MC38 media
Reagent
RPMI 1640
FBS

Penicillin/Streptomycin/Glutamine (100X)

Non-essential Amino Acids

Sodium Pyruvate

(111) Table 2.4 B16F10/TC-1 media
Reagent
DMEM
FBS

Penicillin/Streptomycin/Glutamine (100X)

Non-essential Amino Acids

Sodium Pyruvate

10%

Conc.

10%

1mM

Materials and Methods

Supplier Catalogue

Cytiva, HyClone Labs SH30027.02

10% Gibco 10438-026
1% Gibco, Life Tech 10378-016
1% Cytiva, HyClone Labs SH30238.01
1mM Cytiva, HyClone Labs SH30239.01
Gibco, Life Tech 15630-080

0.1% Gibco, Life Tech 21985-023
Conc.  Supplier Catalogue No.
Cytiva, HyClone SH30027.02

Gibco 10438-026

Gibco, Life Tech 10378-016

Cytiva, HyClone Labs SH30238.01

1 mM  Cytiva, HyClone Labs SH30239.01
Conc. Supplier Catalogue No.

Gibco, Life Tech 11965-092
Gibco 10438-026

Gibco, Life Tech 10378-016
Cytiva, HyClone Labs SH30238.01
Cytiva, HyClone Labs SH30239.01

(IV) Table 2.5 Tumor digestion and dissociation buffer

Reagent Conc.

RPMI 1640 -
FBS 10%
Collagenase D
DNase |

0.2 mg/ml
50 U/ml

Cytiva
Gibco
Roche

Roche

Supplier Catalogue No.
, HyClone SH30027.02
10438-026
11088882001
04536282001
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(V) Table 2.6 FACS buffer

Reagent Conc. Supplier Catalogue No.
PBS - Gibco, Life Tech 10010-023
FBS 2% Gibco 10438-026
2.1.3 Mice
Table 2.7 Mouse strains
Strain Supplier Catalogue No.
C57BIl6 000664
IL-12 KO . 002693
Jackson Laboratories
IFNar KO 028288
Sting KO 025805

2.1.4 Tumor cell lines

Table 2.8 Mouse tumor cell lines

Cell line Supplier Catalogue No.
MC38 Gift from Lelia Delamarre, Genentech -
B16F10 ATCC CRL-6475
TC-1 Gift from Dr. T.C. Wu, John’s Hopkins -

2.1.5 ChAdOXx1 vaccines

Table 2.9 ChAdOx1 antigen amino acid insert sequences

Repsl GRVLELFRAAQLANDVVLQIMELCGATR
Adpgk GIPVHLELASMTNMELMSSIVHQQVFPT
E6 CKQQLLRREVYDFAFRDLCIVYRDG

E7 GQAEPDRAHYNIVTFCCKCD

Trpl VINTEMFVTAPDNLGYMYEVQWPGQE

*Bold and underlined identifies the minimal epitope for immunodominant CD8 T cell
response in each antigen, red letter identifies amino acid that results from point

mutation in neoantigen sequence, different to wild-type sequence.
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2.1.6 Peptides

Table 2.10 Peptide sequences used for stimulation and SNP vaccinations

Peptide

Reps1 min
Reps1 SLP
Reps1 SNP
Adpgk min
Adpgk SLP
Adpgk SNP
E6 min

E6 SLP

E6 SNP

E7 min

E7 SLP

E7 SNP
Trpl min
Trpl SLP
Trpl SNP

Amino Acid Sequence

AQLANDVVL
GRVLELFRAAQLANDVVLQIMELCGATR
KKKKKKVRGRVLELFRAAQLANDVVLQIMELCGATRSPVZX
ASMTNMELM
GIPVHLELASMTNMELMSSIVHQQVFPT
KKKKKKKKKVRGIPVHLELASMTNMELMSSIVHQQVFPTSPVZX
REVYDFAFRDL
CKQOLLRREVYDFAFRDLCIVYRDG
KKKKKVRCKQOLLRREVYDFAFRDLCIVYRDGSPVZX
RAHYNIVTFS
GOAEPDRAHYNIVTFCCKCD
KKKKKKKVRGQAEPDRAHYNIVTFCCKCDSPVZX
TAPDNLGYM
VTNTEMFVTAPDNLGYMYEVQWPGQ
KKKKKKKKKKVRVTNTEMFVTAPDNLGYMYEVOWPGQESPVZX

Used For

Peptide stim
Peptide stim
SNP vaccine
Peptide stim
Peptide stim
SNP vaccine
Peptide stim
Peptide stim
SNP vaccine
Peptide stim
Peptide stim
SNP vaccine
Peptide stim
Peptide stim
SNP vaccine

*Red letter identifies amino acid resulting from point mutation in neoantigen sequence,

X is azidolysine.

2.1.7 Monoclonal antibodies

Table 2.11 Monoclonal antibodies for in vivo use

Target

PD-L1

IFNa receptor

CDSB

Clone Supplier
10F.9G2 BioXcell
MAR1-5A3 BioXcell
Lyt3.2 BioXcell

2.1.8 Tetramers

Table 2.12 Tetramer information

Antigen
Repsl
Adpgk
Trpl

Minimal Epitope

AQLANDVVL H-2Db
ASMTNMELM H-2Db
TAPDNLGYM H-2DP

MHC-I Restriction

Catalogue No.

BEO101
BE0241
BE0223

Supplier

Gift from John Finnigan
Gift from John Finnigan

Gift from John Finnigan
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2.1.9 Flow cytometry panels

(1) Table 2.13 Tetramer panel

Channel  Marker Fluorophore . Supplier
U395 CD4 BUV395 RM4-4 740209 BD
U450 Live/Dead  -- -- L34962 ThermoFisher

Blue Scientific
U740 CDh44 BUV737 IM7 564392 BD
V450 PD-1 Bv421 29F.A12 135218 Biolegend
V605 Tim-3 BV605 RMT3-23 119721 Biolegend
V785 KLRG1 BV785 2F1 565477 BD
B710 Eomes PerCPeFluor 710 Danllmag 46-4875-82 Invitrogen
G575 Tetramer PE -- -- --
G610 CD39 PE-Dazzle594 Duha59 143812 Biolegend
G660 CcDb127 PE-Cy5 A7R34 135016 Biolegend
G780 FoxP3 PE-Cy7 FIK-16S 25-5773-82 Invitrogen
R660 TCF-1 Alexa647 C63D9 6709S Cell Signaling
R710 CD3 Alexa700 17A2 100216 Biolegend
R780 CD8 APCeF780 53-6.7 47-0081-82 eBioscience

(1) Table 2.14 Peptide stimulation panel

Channel Marker Fluorophore Clone . Supplier
U395 CD4 BUV395 RM4-4 740209 BD
U450 Live/Dead  -- -- L34962 ThermoFisher

Blue Scientific
U785 CD8 BUV805 53-6.7 612898 BD
V450 PD-1 Bv421 29F.A12 135218 Biolegend
V605 Tim-3 BV605 RMT3-23 119721 Biolegend
V655 TNFa BV650 MP6-XT22 506333 Biolegend
V785 KLRG1 BV785 2F1 565477 BD
G660 CD127 PE-Cy5 A7R34 135016 Biolegend
R660 IFNy APC XMG1.2 554413 BD
R710 CD3 Alexa700 17A2 100216 Biolegend
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(111) Table 2.15 Mononuclear phagocyte (MNP) panel

Channel Marker Fluorophore
U395 NK1.1 BUV395
U395 CD19 BUV395
U395 CD3 BUV395
U450 Live/Dead  --

Blue
U570 Ly6G BUV563
U660 CD45 BUV661
U785 SiglecH BUV805
V450 CCR7 Bv421
V650 XCR1 BV650
V710 CD86 BV711
V785 CD64 BV785
B515 IA/IE Alexa488
B710 CD172a PerCP-eF710
G575 CD11c PE
G610 CD80 PE-Dazzle594
G660 F4/80 PE-Cy5
G780 B220 PE-Cy7
R660 CD40 Alexab47
R710 CD11b Alexa700
R780 Ly6C APC-eF780

2.1.10 Instruments

Table 2.16 List of instruments used
Instrument

Clone

PK136
1D3
145-2C11

1A8
30-F11
440C
4B12
ZET

GL1
X54-5/7.1
M5/114.15.2
P84

HL3
16-10A1
BMS
RA3-6B2
3/23
MI/70
AL-21

Materials and Methods

Cat. No. Supplier
564144 BD
563557 BD
563565 BD
L34962 ThermoFisher

Scientific
565707 BD
565079 BD
748291 BD
120120 Biolegend
148220 Biolegend
740688 BD
741024 BD
107616 Biolegend
46-1721-82 Life Tech
553802 BD
562504 BD
15-4801-82 eBioscience
552772 BD
123613 Biolegend
557960 BD
560596 BD

Manufacturer

BD LSR Fortessa X-50
Cellometer Auto 2000
gentleMACS OctoDissociator
Infinity Il (HPLC)

MAGPIX System

SpectraMax i3x

BD Biosciences
Nexcelom Bioscience
Miltenyi Biotec
Agilent Technologies
Luminex

Molecular Devices
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2.1.11 Software

Table 2.17 List of software used

Flowjo v10 Tree Star
GraphPad Prism v8 GraphPad software
Pestle v1.8 National Institutes of Health,

Bethesda, MD, USA
Simplified Presentation of Incredibly National Institutes of Health,
Complex Evaluations (SPICE) v6 Bethesda, MD, USA
XPONENT software Luminex

2.1.12 Plasticware

Table 2.18 List of plasticware

Reagent Supplier Catalogue No.
1.5mL Starstedt tube Starstedt AG and Co 72.692.005
15mL Falcon tube Corning 352097
50mL Falcon tube Corning 352070
70um Cell strainer Corning 431751
96 well 40um filter plate Millipore MANMN4010
96 well V-bottom plate Corning 3894
BioMasher pestle/mortar tubes Funakoshi 320103
gentleMACS C-tubes Miltenyi Biotec 130096334
Insulin Syringe (30G, 0.3mL) BD Biosciences 328431
Microvette 500 Z-gel Sarstedt AG and Co 20.1344
Nunc MaxiSorp 96 Well ELISA plate Thermo Scientific 439454
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2.2 Methods
2.2.1 SNP vaccine preparations

SNP vaccines were produced as published by Lynn and colleagues [186]. Briefly,
the hydrophobic block (H-block) containing a TLR-7/8 agonist (based on
Imidazoquinoline) was produced by Avidea Technologies. Peptide antigens for vaccine
production were provided by Genscript. SNP vaccine peptides were conjugated with H-
block through a azide-alkyne cycloaddition click chemistry reaction that was performed at
room temperature. SNP vaccine peptides and H-block were mixed at ratio of 1 to 1.1 to
ensure an excess of H-block and that no peptide could be delivered without agonist. Ratio
was calculated by high performance liquid chromatography (HPLC). Final vaccine

concentration was calculated based on the nmol of H-block used for each reaction.

2.2.2 ChAdOxl1 vector construction
(I) Transgene construction

The neoantigens (Adpgk and Reps1), or the self-antigen Trpl, or the viral antigens
from E6/E7 (Table 2.9) were used to create a transgene to be inserted into ChAdOx1. The
constructs consisted of a fragment of the murine invariant chain (CD74, denoted mli),
which has been previously shown to increase the magnitude of CD8 T cell responses
elicited against an encoded antigen [109]. The mli was followed by a spacer sequence
(GGGPGGG) and the mouse codon optimized sequence for one of the target antigen
sequences. The spacer sequence should prevent formation of chimeric antigens that could
have been formed by directly fusing antigen repeats together. The spacer-antigen fragment
was repeated a total of 5 times to complete the transgene insert, resulting in a pentamer
repeat. Stop codons were added at the end of the pentamer repeat sequence. This resulted

in the creation of 4 unique ChAdOx1 vectors, 1 encoding each of Reps1, Adpgk and Trpl
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and one that encodes both the E6 and E7 target sequence. The transgenes were produced
as plasmids by Geneart, and were flanked by Notl and Kpnl restriction enzyme sites —

these leave overhangs.

(II) Transgene cloning

Transgenes were excised by Notl and Kpnl restriction enzymes and cloned into a
shuttle vector that contained gateway recombination sites. Gateway recombination was
performed to introduce the transgenes into the ChAdOx1 bacterial artificial chromosome
(BAC). Successful recombination was confirmed by sequencing the insert within the

ChAdOx1 BAC. Positive clones were grown in E. coli (DH5a) cells for MIDI prep.

(IIT) ChAdOx1 vector production
Purified ChAdOx1 BAC sequences isolated through the MIDI prep were linearized
by incubating with restriction enzyme Pmel. Linearized BACs were sent to the Jenner

Institute Viral Vector Core Facility (VVCF) for ChAdOx1 production.

2.2.3 Cell culture

Cell banks of each cell line were established upon receipt of the cells from their
different sources. Aliquots of 1 x 107 cells were banked at -80°C for routine use. A
selection of aliquots were tested for Mycoplasma and were negative.

For tumor studies, 1 x 107 cells were thawed into their appropriate media (see
tables 2.3 and 2.4) and cultured at 37°C with 5% COs,. Cell were allowed to grow for 2
days before being passaged once for a further 2 days of culture prior to implantation. To
passage the cells, adherent cell lines were first gently washed with PBS to remove residual

cell culture media and then incubated with Trypsin-EDTA (0.25%) for 60-90 seconds in
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the incubator. The activity of the trypsin was quenched by adding cell culture media,
which contained FBS. At time of passage, the flasks were usually between 80-90%

confluent.

2.2.4 Mouse sample collection and processing
(I) Blood

Blood was collected from mice by animal care staff through either tail vein bleed
or mandibular puncture, as outlined in their standard operating procedures (SOPs). Blood
was collected into a 1.5mL eppendorf tube containing ~200 units of heparin to prevent
coagulation of blood. Between 100-200ul of blood was collected at any given time, in
accordance with the animal protocol VRC-19-794. For serum, blood samples were
collected into special serum collection tubes and centrifuged at 10,000 g for 5 minutes to
separate serum from cells.

PBMCs were isolated from blood by performing two rounds of ACK lysis. To
enrich the PBMC fraction, 1 mL of ACK lysis buffer (Table 2.1) was mixed with the
blood samples in eppendorf tubes and then centrifuged at 600g for 10 minutes. After
pelleting the PBMCs, the supernatant was aspirated off and another mL of ACK lysis
buffer was added. The PBMCs were centrifuged again and supernatant aspirated. PBMCs
were resuspended in 100pl of sterile PBS and then filtered through a 96-well 40um filter
plate. PBMCs were then split for peptide restimulation or tetramer staining in 96 well V-

bottom plates.

(IT) Spleens
To collect spleens, mice were euthanized and spleens removed by surgical

excision. Spleens were placed in 1.5 mL of sterile PBS in a 24-well plate on ice, until all
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spleens had been collected. Spleens were mechanically dissociated by mashing them
through a 70pum filter into a 50 mL falcon tube. Single cell suspensions were centrifuged
and the supernatant decanted. The samples were then incubated in 3 mL of ACK lysis
buffer for 3 minutes, and then diluted by adding PBS to prevent continued cell lysis.
Single cell suspensions were centrifuged, then resuspended in 5 mL of sterile PBS, and
finally filtered once more through a 70um filter. For all assays, 200ul of splenocytes were

plated in 96 well V-bottom plates for antibody staining for flow cytometry.

(IIT) Tumor draining lymph nodes (td-LNs)

Special pestle and mortar tubes were ordered for collecting and processing tumor-
draining lymph nodes (td-LNs). 150pul of sterile PBS were aliquoted into each tube. The
inguinal LN (closest to the tumor) was collected by surgical excision and placed in PBS.
The td-LNs were processed by mechanical dissociation using the pestle and mortar feature
of the tubes. Single cell suspensions were filtered through a 96 well 40um filter plate and
centrifuged. Samples were resuspended in 200ul of PBS and 100l of sample were

transferred to 96 well V-bottom plates for antibody staining for flow cytometry.

(IV) Tumors

Miltenyi C tubes for gentlemacs cell dissociation were prepared by adding SmL of
tumor dissociation media (Table 2.5), with the exception of the collagenase. The tubes
were weighed to determine their mass prior to adding tumor samples. MC38 tumors were
harvested from mice and placed into the C tubes on ice. Once all tumors had been
collected, the C tubes were weighed again to determine the mass of tumor for each
sample. Collagenase was then added to each sample, and then the tumors mechanically

dissociated by using the m_impTumor 01 program on the gentleMACS dissociator
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machine. The samples were incubated in a shaking incubator for 45 minutes at 37°C. After
incubation, the samples were again run through the m_impTumor 01 program. Cell
suspensions were filtered through a 70um filter into a 50 mL falcon tube and centrifuged
to remove fat and debris. The cell pellets were resuspended in 1 mL of sterile PBS, and a
volume corresponding to ~30-50 mg of tumor were then transferred to a 96 well V-

bottom plate for antibody staining for flow cytometry.

2.2.5 Peptide restimulation assay

To quantify the vaccine elicited CD8 T cell responses by cytokine production,
isolated PBMCs or splenocytes were cultured in vitro with 4 pg/mL of the corresponding
minimal peptide and synthetic long peptide (SLP) (Table 2.10) and 2 pg/mL of anti-CD28
(Table 2.1). Cultures were in 200ul of complete RPMI (Table 2.2) at 37°C and 5% CO-
for 5 hours in total. After 1 hour, 10 pg/ml of brefeldin A (Golgistop, BD, Table 2.1) was
added to prevent release of cytokines from activated cells during the final 4 hours of the

stimulation.

2.2.6 Serum cytokine profiling

Serum was collected from mice by tail-vein bleeding into special serum collection
tubes (Microvette, Table 2.18). Once isolated, serum was frozen at -20°C to collect all
relevant sera for a given experiment prior to running ELISAs and/or a multiplexed cell
bead assay (Luminex).

For IL-12 and IP-10 ELISAs, MaxiSorp ELISA plates were coated over night with
100pl of 0.50pg/mL capture antibody for desired cytokine. The next day, the capture
antibody was aspirated and plates washed 4 times with 300ul of wash buffer (0.05%

Tween-20 in PBS). Plates were incubated with 300ul of block buffer (1% FBS in PBS)for
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1 hour. Plates were washed 4 times with 300ul of wash buffer. Serum was diluted 1:10 in
diluent buffer (0.05% Tween-20, 0.1% FBS in PBS), and cytokine standards prepared
according to Peprotech’s protocol in diluent buffer. After washes, 100ul of standards were
plated in duplicate and 100ul of samples were plated immediately after. Plates were
incubated at room temperature for 2 hours. Plates were washed 4 times and then incubated
with 100ul of 0.50pg/mL detection antibody in diluent for 2 hours at room temperature.
Plates were washed 4 times and then incubated with Avidin-HRP conjugate for 30 minutes
per Peprotech’s instructions. Plates were washed 4 times and 100l of ABTS substrate
solution was added to each well. Plates were incubated at room temperature for color
development and recorded on an ELISA plate reader at 405nm with correction set at
650nm.

For IFNa ELISA, plates provided in the kit were pre-coated with capture antibody.
Plates were incubated with 100ul of standard, blank or sample for 1 hour at room
temperature on a plate shaker (shaking at 650 rpm). Plates were washed 3 times with wash
buffer (provided in the kit). Then 50ul of diluted antibody solution was added to each well
for 30 minutes, again at room temperature and shaking at 650 rpm. Plates were washed 3
times with wash buffer and then incubated at room temperature for 4 minutes with 50ul of
diluted HRP solution while shaking at 650 rpm. Plates were washed 5 times and then
incubated for 20 minutes at room temperature in the dark with 100ul of 3,3’,5,5'-
Tetramethylbenzidine (TMB) substrate. After 20 minutes, 100ul of stop solution was
added to stop the reaction. Plates were read on an ELISA plate reader set to 405nm within
2 minutes of addition of stop solution.

From all ELISAs, data was exported as optical density values (ODaso). Empty
wells were used to approximate background signal. Standards were used to calculate a

standard curve and concentration of sample cytokines was calculated by interpolating the
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ODuso values into the standard curve and then multiplying by dilution factors applied in
sample preparation.

For Luminex, plates were provided in the milliplex kit (Table 2.1). Plates were first
incubated with wash buffer for 10 minutes at room temperature on a plate shaker. Wash
buffer was decanted and 25l of standards or assay buffer were added to the plate. Then
25ul of appropriate matrix solution was added to each well (one specifically for each of
background, standards, control, and serum sample wells). Then, 25 ul of samples were
added to each sample well, followed by addition of 25ul of magnetic beads to all wells.
Plate was sealed with plate sealer and incubated overnight on a plate shaker at 2-8°C. Plate
was then washed twice by using a plate magnet to keep beads in wells and remove
supernatant. Then 25l of detection antibody was added to each well and incubated for 1
hour at room temperature. 25ul of streptavidin-phycoerythrin was then added to each well.
The plates were then sealed and incubated on a plate shaker at room temperature for 30
minutes. The plate was then washed twice by using the plate magnet to keep beads in
wells and enable removal of supernatant. Beads were resuspended in 150ul of sheath fluid
and run on MAGPIx instrument. Median fluorescent intensity (MFI) was recorded and

xPONENT software used to calculate concentration of cytokine in original samples.

2.2.7 In vivo mouse studies
(I) Vaccinations

IM ChAdOx1 vaccinations were administered into the gastrocnemius of the right
hind leg. IM SNP vaccinations were administered in the gastrocnemius of both legs. IV
vaccinations were administered by heating the mice under a heat lamp for 2 minutes prior

to administering the vaccine into the tail vein.
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ChAdOxI1 virus preparations were thawed once on ice to aliquot 1mL preparations
into 100pl aliquots for routine use. The newly formed aliquots were thawed only once for
use in experiments, and any excess discarded to avoid repeated freeze-thaw cycles
affecting results. To prepare vaccinations, thawed ChAdOx1 was diluted in sterile PBS to
reach a desired concentration, 108 TU per 50ul for IM vaccinations or 108 TU per 100ul for
IV vaccinations.

SNP conjugate vaccines were prepared in sterile PBS. Concentration was adjusted
to reach 32 nmol of vaccine in 100ul for IV vaccination and 8 nmol of vaccine in 100l

for IM vaccinations.

(IT) Monoclonal antibodies

Mouse CD8 T cells were depleted by administering 300ug of anti-CD8 antibody
(Lyt3.2) intraperitoneally (IP) 3 days and 1 day prior to tumor implantation. Mice were
treated with 200ug of anti-PD-L1 (10F.9G2) given IP during tumor studies. The [FNa
receptor antibody (MAR1-5A3) was administered IP at a dose of 500ug per mouse. All IP

injections were 100pul.

(IIT) Tumor implantations and monitoring

Mice were shaved on the right flank at least 24 hours prior to implantation with
tumor cells. At the end of the 4 days in culture, the cells were trypsinized and then
quenched as previously described. Following quenching, the cells were washed 3 times in
sterile PBS. Cells were resuspended in a known volume of PBS and counted, then adjusted
such that the concentration of cells was 1 x 10 mL!. Mice were then anesthetized using
Isoflurane and implanted subcutaneously with 10° cells in the right flank. Tumors were

measured twice per week using digital calipers starting on day 7, which is when tumors
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typically became palpable across tumor cell lines. Tumor volume was estimated by using
the formula: Tumor volume = (short measurement x short measurement x long
measurement)/2. Mice were euthanized when tumors reached their humane endpoints,

either tumor volume exceeding 1,000 mm? or ulceration of the tumor.

2.2.8 Flow Cytometry staining and analysis
(I) Tetramer Stain
Single cell suspensions were prepared as described in section 2.2.4. Samples were

stained in 96 well V-bottom plates beginning with 100ul of LIVE/DEAD Fixable Blue
Dead Cell Stain Kit (Table 2.1) in PBS containing 50nM dasatinib for 30 minutes at room
temperature to assess viability. Dasatinib enhances tetramer staining of antigen-specific
CDS8 T cells. Excess live/dead stain was quenched by adding 100ul of FACS buffer (Table
2.1.2V) containing 50nM dasatinib. Samples were centrifuged and supernatants flicked
out of the plate. A surface stain mastermix was then prepared consisting of:

1. Anti-CD16/CD32 Fc Block (Table 2.1)

2. Brilliant stain buffer plus (Table 2.1)

(98]

PE conjugated tetramer

4. Fluorescently labelled antibodies (Table 2.13)

5. FACS buffer with 50nM dasatinib
Samples were stained with 100ul of the surface stain master mix for 1 hour at 4°C in the
dark.

After surface stain, cells were washed in FACS buffer with 50nM dasatinib twice.

Cells were fixed and permeabilized (eBioscience FoxP3 transcription factor kit (Table
2.1)) by incubating the cells in 200ul of fix/perm buffer for 20 minutes at 4°C in the dark.

Following fixation and permeabilization, cells were washed once with 200ul of perm-
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wash buffer. The intracellular stain master mix was prepared in perm-wash buffer and
100ul of this was used to stain the samples following the wash step. The intracellular stain
was left overnight at 4°C for ~12-16 hours. The intracellular stain was washed off the cells
by performing 2 washes of 200ul of perm-wash buffer. The samples were resuspended in
200ul of perm-wash buffer and were ready for acquisition on the flow cytometer. After

acquisition, flow data were analyzed using FlowJo v10 (Figure 2.1).
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Figure 2.1 Tetramer staining example in blood. Samples are stained and gated by first
identifying singlets (FSC-A against FSC-H). A lymphocytes gate removes debris and larger
granulocytes that were contaminating the singlets. Then isolate the live T cells (UV LD
against CD3). Subdivide the T cells into the CD4 or CD8s. Gate on the tetramer positive
CDS8 T cells by drawing a gate on the naive mouse sample (bottom right panel).
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(IT) Cytokine Stain

Samples in a 96 well V-bottom plate are stained with 100ul of LIVE/DEAD
Fixable Blue Dead Cell Stain Kit (Table 2.1) in PBS for 10 minutes at room temperature.
Live/dead stain is quenched by adding 100ul FACS buffer. Samples are stained with
100l of surface stain antibody mix containing Fc block, brilliant stain buffer, FACS
buffer and fluorescently labelled antibodies (Table 2. 14) for 20 minutes at room
temperature. Surface stain is washed off with FACS buffer and cells are fixed and
permeabilized using 100ul of BD Cytofix/Cytoperm for 20 minutes at 4°C in the dark.
Samples were washed with BD perm-wash buffer and then stained with intracellular
cytokine stain (ICS) antibodies in perm-wash buffer for 30 minutes at 4°C in the dark.
Samples were washed twice with perm-wash buffer and resuspended in 200ul of perm-
wash buffer for acquisition on the flow cytometer. Example of gating is provided in Figure

2.2.
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Figure 2.2 Peptide restimulation staining example in blood. Samples are stained and gated by first
identifying singlets (FSC-A against FSC-H). A lymphocytes gate removes debris and larger

granulocytes that were contaminating the singlets. Then isolate the live T cells (UV LD against CD3).
Subdivide the T cells into the CD4 or CDS8s. Gate IFNy and TNFa producing cells by using the naive
mouse samples to determine where the positive signal begins.

(IIT) Mononuclear Phagocyte (MNP) stain

Samples in a 96 well V-bottom plate are stained with 100ul of LIVE/DEAD

Fixable Blue Dead Cell Stain Kit (Table 2.1) in PBS for 10 minutes at room temperature.

Live/dead stain is quenched by adding 100ul FACS buffer. Samples are stained with

100l of surface stain antibody mix containing Fc block, brilliant stain buffer, FACS

buffer and fluorescently labelled MNP antibodies (Table 2.15) for 20 minutes at room
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temperature. Surface stain is washed off with FACS buffer and cells are washed twice

with 200ul of FACS buffer. Samples are resuspended in 200ul of 0.5% paraformaldehyde

(PFA) in PBS and are ready to acquire on the cytometer. Panel adapted from Baharom et

al., 2021 [188].
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Figure 2.3 Example of MNP staining of splenocytes. Samples are stained and gated by first identifying
singlets (FSC-A against FSC-H). The lymphocyte gate is used to remove debris with high SSC. Live
CD45+ cells are gated. Cells expression CD3, NK1.1 and CD19 are removed through the dump channel
staining. B220 cells that do not express markers in the dump channel are kept as these likely represent
pDCs. The pDCs and neutrophils are separated by SiglecH and Ly6G respectively. The remaining cells are
split into F4/80 positive and negative. The F4/80" fraction contains ¢DCs, identified by CD11c and
expression of MHC II (IA/IE). The ¢DCs are further subdivided into cDC1s and ¢cDC2s by XCR1 and
CD172a expression respectively. The F4/80+ fraction contains monocytes and monocyte derived DCs
(moDCs). The moDCs are identified by expression of CD11c and MHCII (IA/IE). The monocytes (Monos)

are separated by their expression of CD11b and Ly6C.
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2.2.9 Statistical analyses

Statistical analysis and visualization of data was performed using Prism v8.0
software. For comparisons of immunogenicity or frequency of response that falls into a
category, two different tests were used. If the comparisons were between two groups
alone, then the test was the Mann-Whitney non-parametric T test. If there were more than
two groups being compared, the test used was Kruskal-Wallis with Dunn’s correction for
multiple comparisons. For correlations, a spearman’s rank test was performed, and a line
of best fit was plotted. Tumor growth curves were assessed by two-way ANOV A with
Bonferroni correction for multiple comparisons. Kaplan-Meier curves were used to
represent survival and statistical differences between groups were calculated by the

Mantel-Cox log-rank test. All p-values are reported as exact values.
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Chapter 3

Understanding the effect of route and interval on

heterologous prime boosted CD8 T cell responses

66



Understanding the effect of route and interval on heterologous prime boosted CD8 T cell responses

3.1 Introduction

Understanding correlates of protection has always been of critical importance in
screening prospective therapies for clinical use. Over the last decade, a number of
immunological correlates with positive outcomes in cancer have been described, typically
in the context of checkpoint inhibitors like anti-PD-1 therapy [189]. One of the reasons
that patients do not respond to checkpoint inhibitors is due to a lack of tumor antigen-
specific CD8 T cell responses. Vaccination has historically been a reliable method for
inducing immunity against infectious diseases [137], but is in its infancy as a therapeutic
intervention for cancer [190].

One of the potential targets for cancer vaccination are neoantigens. These are
tumor specific and unique to each patient, and therefore would require the use of vaccine
platforms that could be rapidly developed on a personalized basis. The synthetic
nanoparticle peptide-TLR7/8 agonist vaccine platform (SNP) developed in the Seder lab
can be rapidly developed to deliver almost any peptide as a 20-50nm nanoparticle [186].
For this reason it is well positioned to be given as a vaccine to induce T cell responses to
target neoantigens. However, as it is a peptide-adjuvant vaccine, it is likely to induce low
magnitude CD8 T cell responses in humans, as seen with SLP and poly-ICLC [185].

ChAdOx1 is a more potent T cell-inducing vaccine than SNP in humans, but takes
longer to create personalized viral vector vaccines. For this reason, a heterologous prime
boost approach may be preferred when vaccinating with these platforms if attempting to
target neoantigens. This would enable a pool of neoantigen-specific CD8 T cells to be
primed by SNP and ideally boosted by ChAdOx1 to a magnitude higher than would be
achieved by ChAdOx1 alone.

In order to test this strategy, the neoantigen Reps1 has been created as a SNP

vaccine and encoded into the ChAdOx1 vector backbone. This neoantigen is protective
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against the MC38 mouse colorectal cancer cell model in both prophylactic and therapeutic
settings [188]. Initial studies will focus on determining the effects of route and interval, on
the resulting Reps1-specific CD8 T cell response elicited by heterologous prime boost
vaccination performed with SNP and ChAdOxI1.

The route of vaccination has been shown to be critical to elicit protective immune
responses in TB [191] and cancer [188]. To date, ChAdOx1 has primarily been given as
an intramuscular vaccine to generate adaptive immune responses against cancer by
targeting prostate cancer antigens [177] and MAGE-type antigens [180]. It is possible that
the IV vaccination might improve protection over the IM route as seen in other
indications. If the I'V route of vaccination appears promising, then the IM and IV route
will be used for all studies as the IM route is the standard. If, however, the IV route is less
immunogenic than IM, then the IV groups will be dropped in follow up studies.

Initially, screening will be done by assessing immunological markers of T cell
responses. These include the magnitude of the CD8 T cell response, the quality of the
response and the cytokine production ability of the elicited cells. These will be described

in greater detail in the results chapter.

3.2 Chapter Aims
1. To evaluate the effect of vaccination route on magnitude and quality of antigen-
specific CD8 T cells elicited by ChAdOx1 vaccination, either alone or as a boost.
2. To evaluate the effect of interval between prime and boost on CD8 T cell
responses following heterologous prime boost vaccination with SNP and
ChAdOxI.
3. To determine the efficacy of T cell responses generated by heterologous prime

boost and compare these against either platform alone.
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3.3 Results
3.3.1 IV ChAdOx1 primes higher magnitude CD8 T cell responses with a more
terminal effector phenotype than IM vaccination 14 days after vaccination

Mice were vaccinated either IM or IV with 10® infectious units (IU) of ChAdOx1
encoding the neoantigen Repsl. Blood was sampled from these mice 2 weeks and 16
weeks post vaccination to assess T cell responses at a predicted peak and memory time
point (Figure 3.1A). Reps1-specific CD8 T cells were identified by tetramer staining or
cytokine staining for [FNy and TNFa following peptide restimulation with the Reps1 long
peptide and predicted minimal epitope (Figures 3.1B, 3.1C). Blood sampling enables the
tracking of CD8 T cell responses over time as it is non-lethal, however does not provide
any tissue level information. To assess tissue presence of antigen-specific CD8 T cells, a
subset of mice were sacrificed at both time points to assess responses in spleen using the
same assays.

In both blood and spleens sampled 2 weeks after vaccination, the IV route of
vaccination elicited a higher magnitude CD8 T cell response based on tetramer staining
(Figure 3.1D). In addition to the higher magnitude, IV ChAdOx1 elicited CD8 T cells
appear to express higher levels of eomesodermin (Eomes) and PD-1 as shown in the
overlaid histograms (Figure 3.1E). One way to quantify this is by plotting the median
fluorescence intensity (MFI) of these markers on the Reps1-tetramer specific CD8 T cells
for each sample. There is a significantly higher expression of PD-1 and Eomes on IV
elicited CD8 T cells in both blood (p-values <0.001) and spleen (p-values = 0.0011 and
0.0148, respectively) (Figure 3.1F). Higher expression of Eomes and PD-1 is associated
with a more terminally differentiated T cell phenotype [192].

Another feature of more terminally differentiated CDS8 T cell responses is a lower

frequency of polyfunctional cells. Polyfunctionality is the production of multiple
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Figure 3.1 IV ChAdOx1 induces a higher magnitude neoantigen-specific CD8 T cell response
with a more terminal effector phenotype than IM vaccination. (A) Immunogenicity study
vaccination and sampling schedules, legend for entire figure. (B) Example Repsl tetramer staining
on CD8 T cells. (C) Example of IFNy and TNFa staining of peptide restimulated PBMCs. (D)
Immunogenicity 2 weeks after either IV or IM ChAdOx1 vaccination, measured by tetramer
staining. (E) Histograms of the expression of PD-1 and Eomes on tetramer positive cells, overlaid
with naive CD8 T cells in gray. (F) MFI of PD-1 and Eomes on Reps1-tetramer positive cells in
blood and spleen. (G) Frequency of IFNy and TNFa co-producers following peptide restimulation
detected by flow cytometry. (H) Pie charts showing proportion of response corresponding to
cytokine production groups. (I) Gating strategy for SLECs/MPECs. (J) Frequency of tetramer
positive cells that falls into each of the SLEC/MPEC categories. (K) Gating strategy on
representative flow plot of Tim-3/PD-1 on stimulated CD8 T cells. (L) Proportion of IFNy+ cells in
each co-inhibitory receptor subset. Stats: (D, F, G, J) Data represented as mean + SD, Mann-
Whitney test.
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cytokines by T cells following peptide restimulation. It is possible to assess route based
differences in polyfunctionality by comparing the frequency of IFNy and TNFa co-
producers between the IV and IM vaccinated groups. In this case, there is a similar
frequency of IFNy and TNFa co-producers (polyfunctional cells) between the IV and IM
vaccinated groups (p = 0.8621). However, there is a much higher frequency of IFNy single
producers in the IV vaccinated group as compared to the IM group in blood and spleen (p
<0.0001) (Figure 3.1G). When the data is shown as a pie chart, it is clear that a much
smaller percentage of the response elicited by the IV route is polyfunctional relative to the
total response generated (Figure 3.1H). This indicates a more terminally differentiated T
cell response and is concordant with the increased Eomes and PD-1 expression. There was
a very low frequency of TNFa single producers and it was equivalent between vaccine
groups.

CDS8 T cell responses have also been characterized by their expression of CD127
and KLRGI1 (Figure 3.11). The two most well studied subsets of antigen-specific CD8 T
cells based on CD127 and KLRGI1 are the memory precursor effector cells (MPECs,
CD127" KLRG1) and the short-lived effector cells (SLECs, CD127-KLRG17) [193].
These were originally described in models of acute and chronic infection as having
distinct memory forming capacities. The SLECs are thought to be too differentiated to
become memory T cells, and MPECs represent a reservoir of effector cells with some
capacity to become memory. Follow-up experiments have characterized the double
negative population (CD127- KLRGI") as a transitory state between the MPEC and SLEC
phenotypes known as early effector cells [194]. The double positive (CD127+ KLRG1+)
cells have not been well studied and have been designated as double positive effector cells
(DPECs). In comparing the IV and IM elicited CD8 T cell responses, the largest difference

is in the proportion of SLECs and MPECs, though there are statistically significant
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differences across all 4 subsets (p < 0.0001). IV vaccination elicits a greater frequency of
SLECs as compared to IM, and the opposite pattern is true of MPECs (Figure 3.1J). This
further supports the idea that the I'V route elicits a more terminally differentiated CD8 T
cell response than the IM route of vaccination when using ChAdOxI1.

More recently, it has been suggested to look at the co-expression of co-inhibitory
markers on T cells activated by peptide restimulation. The theory is that upregulation of
multiple co-inhibitory receptors may indicate that these cells are more differentiated or
exhausted. To this end, the co-expression of Tim-3 and PD-1 was assessed on [FNy
producing cells following peptide re-stimulation (Figure 3.1K). The IFNy producing CDS8
T cells elicited by the IV route had higher co-expression of these markers as compared to
the IM elicited cells (Figure 3.1L). In addition, the IM elicited cells had a greater
frequency of IFNy producers that expressed neither Tim-3 nor PD-1, which may indicate
they are less exhausted.

Given that the Reps1 peptide encoded in ChAdOx1 was 25 amino acids long, it is
possible that it contained an MHC II epitope and could generate CD4 T cell responses.
Peptide restimulation of PBMCs would cause these antigen-specific CD4 T cells produce
IFNy. Based on the flow cytometry data, there were no CD4 T cell responses detected

after vaccination with ChAdOx!1 by either route (data not shown).

3.3.2 IV elicited CD8 T cell responses are more stable over time, despite having a
more terminally differentiated phenotype.

Characterizing the magnitude and phenotype of CD8 T cell responses elicited by
IV or IM ChAdOx1 over time may provide insights into the longevity of the T cell
response and memory formation. Mice were kept for 16 weeks, then bled and sacrificed

for T cell analysis as described previously (Figure 3.2A). Interestingly, the magnitude of
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the CD8 T cell response remained remarkably high in the blood and spleen over the 16
week period in the IV vaccinated group (Figure 3.2B). The average response in blood
(frequency of CD8 that are Reps1-tetramer positive) at 2 weeks and 16 weeks for the IV
group was 10.11% and 6.34%, respectively. This is a drop of ~37%. By comparison, the
IM group dropped from an average of 2.37% to 0.47%, indicating a drop of ~80%. This
indicates that the IV response may be more stable over time, despite having a more
terminally differentiated phenotype as previously described. It is also striking that after 16
weeks, the magnitude of the response by the IV route is on average higher than the peak
magnitude achieved by the IM route.

As the frequency of antigen-specific CD8 T cell responses was so low in the blood
in the IM group, it was difficult to capture sufficient events to make meaningful
phenotypic comparisons between both routes. For this reason, downstream analyses focus
on the response in the spleen, where though the frequency is still low, there were ~10-fold
more cells per sample than in the blood.

The Repsl-specific CD8 T cells elicited by the IV route maintain a higher
expression of Eomes and PD-1 at the 16 week time point (p-value = 0.0064 and < 0.0002,
respectively) as seen previously at the peak magnitude (Figure 3.2C). In contrast to the 2
week time point, there is now a higher magnitude of polyfunctional cells in the IV group
as compared to the IM group (Figure 3.2D, p = 0.0019). As before, there is a higher
magnitude of IFNy single producers in the IV group compared to the IM group (p =
0.0002). When displayed as a proportion of the response, the breakdown is more similar
to the 2-week time point, whereby a smaller proportion of the total response in the IV
vaccinated group is polyfunctional as compared to the IM (Figure 3.2E). In addition, the
TNFa single producers appear to be a higher percentage of the IM vaccinated response.

This is likely an artefact of higher background TNFa staining, as evidenced by the
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Figure 3.2 IV ChAdOx1 elicited CD8 T cell responses are more stable over time, despite
having a more terminally differentiated phenotype. (A) Immunogenicity study vaccination and
sampling schedule, legend for entire figure. (B) Immunogenicity 2 weeks after either IV or IM
ChAdOx1 vaccination, measured by tetramer staining in blood and spleen. (C) MFI of PD-1 and
Eomes on Repsl-tetramer positive cells in spleen. (D) Frequency of IFNy and TNFa co-producers
following peptide restimulation of splenocytes detected by flow cytometry. (E) Pie charts showing
proportion of response corresponding to cytokine production groups. (F) Frequency of tetramer
positive cells that falls into each of the SLEC/MPEC categories. (G) Stats: (B, C, D, F, G) Data
represented as mean + SD, Mann-Whitney test.
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frequency of TNFa single producers in the naive group (Figure 3.2D). As the total
frequency of cells is lower in the IM group, then the background staining makes up a
greater proportion of cytokine producing cells in the IM pie chart. However, this does not
affect the overall trend observed.

In addition to the stable magnitude and more terminally differentiated phenotype,
the IV elicited cells maintained a more SLEC-like phenotype as compared to the IM
elicited cells (p = 0.0002) (Figure 3.2F). The opposite trend was seen with MPECs and in
concordance with the observations at 2 weeks (p = 0.0006). There were no statistically
significant differences between the EECs and DPECs between the two routes tested at 16
weeks.

As antigen-specific CD8 T cells begin to transition towards a memory phenotype,
they upregulate TCF-1 [195]. IV elicited antigen-specific CD8 T cells appear to have a
bimodal peak of TCF-1 expression as seen in the histogram (Figure 3.2G). By comparison,
the IM elicited CD8 T cells appear to have a single peak with a tail skew that represents a
minority of cells that have not re-expressed TCF-1 at this time point. For reference, a
naive CD8 T cell population (CD62L" CD44") is used to provide an example of 100%
TCF1+ cells in the grey filled peak on the histogram. The bar graph quantifies the
percentage of Reps1-specific CD8 T cells that express TCF-1 in the spleen, and there is a
significant difference between the IV and IM route of vaccination (p = 0.0104).

The long-term expression of PD-1 and Eomes, the high proportion of IFNy single
producers, the stability of the SLEC-like phenotype, and the existence of a distinct TCF-1
negative population that makes up ~50% of the response 16 weeks after vaccination all
suggest that the response following IV ChAdOx1 vaccination may be more akin to one
elicited by chronic infection. It is possible that systemic infection of cells that are long

lived enabled by IV administration of ChAdOx1 leads to prolonged production and
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presentation of the antigens and provides the chronic antigen stimulation that may be

required to produce these qualities in T cell responses.

3.3.3 The route of SNP priming does not affect magnitude or quality of CD8 T cells
after ChAdOx1 boost by either IM or IV route.

The effect of ChAdOx1 vaccination route on the magnitude and quality of CD8 T
cell responses has been clearly demonstrated when used as a stand-alone vaccine. Given
the dramatic effect of route, it was important to assess how route of prime and boost
vaccinations impacts the magnitude and quality of the CD8 T cell response elicited by
heterologous prime boost. To this end, mice were primed with SNP providing the Reps1
antigen either IM or IV. The IM SNP vaccinations provided 8 nmol of antigen, whereas
the IV vaccination was dosed at 32 nmol. This was based on previous data demonstrating
that SC vaccination with SNP using 8 nmol yielded approximately similar magnitude CD8
T cell responses as 32 nmol IV, though it is not currently understood why a higher dose is
required for the IV route [188]. These mice were sampled 7 days post vaccination to
compare CD8 T cell responses. ChAdOx1 was used either IV or IM to boost mice 14 days
after the SNP prime. These mice were then sampled 14 days after boost to determine the
effect of ChAdOx1 route on boosting of responses (Figure 3.3A).

The effect of route of vaccination on SNP primed responses has been previously
described by Baharom and colleagues (Nat. Immunology, 2021). However, they only
compared the subcutaneous (SC) route and the IV route, but did not test the IM route of
vaccination with SNP. In this study, responses were primed with SNP IM or IV. With
SNP vaccination, the IM route of vaccination elicited a higher magnitude CD8 T cell
response as compared to the IV route (p < 0.0001) (Figure 3.3B). In addition, the

expression of Eomes was higher on cells elicited by IM SNP as compared to IV SNP (p <
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Figure 3.3 Route of SNP priming does not affect magnitude or quality of CD8 T cells after ChAdOx1
boost by either IM or IV route. (A) Immunogenicity study vaccination and sampling schedule, legend for
panels (B-E). (B) Immunogenicity 1 week after either IV or IM SNP vaccination, measured by tetramer
staining. (C,D) MFI of (C) Eomes and (D) PD-1 on Reps1-tetramer positive cells in blood 7 days after SNP
prime. (E) Frequency of tetramer positive cells that falls into each of the SLEC/MPEC categories 7 days
after SNP prime. (F) Legend for panels F-I and Reps]1-tetramer magnitude 2 weeks post IM ChAdOx!1 boost.
(G) SLEC/MPEC frequency of heterologous prime boost group elicited Reps1-specific CD8 T cells. (H,I)
MEFT of (H) PD-1 and (I) Eomes on Repsl-tetramer positive cells in blood. (J) Legend for panels J-M and
Reps1-tetramer magnitude 2 weeks post IV ChAdOx1 boost. (K) SLEC/MPEC frequency of heterologous
prime boost group elicited Reps1-specific CD8 T cells. (L,M) MFTI of (L)) PD-1 and (M) Eomes on Repsl-
tetramer positive cells in blood. Stats: (B-E, G-I, K-M) Data represented as mean + SD, Mann-Whitney test.
(F,J) Data represented as mean = SD, Kruskal-Wallis test with Dunn’s correction for multiple comparisons.
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0.0001) (Figure 3.3C). These trends are the exact opposite of what was seen with
ChAdOx1 vaccination in figure 3.2, but are very similar to the differences seen between
SC and IV SNP vaccination [188]. However, there was no difference in the expression of
PD-1 at this time point (p-value = 0.5221) (Figure 3.3D). In addition, the distribution of
SLECs and MPECs in the IM/IV SNP groups was similar to the published SC/IV
distributions, with IM eliciting more SLEC-like cells and IV eliciting more MPECs (p <
0.0001) (Figure 3.3E). Again, this trend is the opposite of that seen with ChAdOx1.
Overall, there are clear differences in both quality and magnitude when CD8 T cells are
primed by IV or IM SNP, and this may affect boosting with ChAdOx1.

Reps1-specific CD8 T cells elicited by SNP given IM or IV were boosted with
ChAdOxI1 given IM. There was no difference in the magnitude achieved 2 weeks post
boost based on the route of SNP prime (p > 0.9999) (Figure 3.3F). IM ChAdOx1 boosting
only increased magnitude as compared to IM SNP given twice (p = 0.0333), but not
compared to IV SNP given twice (p >0.9999). There were no statistically significant
differences in any of the qualitative markers (SLECs/MPECs, eomes expression, PD-1
expression) used to compare responses following IM ChAdOx1 boost of IM or IV SNP
primed responses (Figure 3.3G-I). Overall these data suggest that the route of SNP
priming may not significantly affect the magnitude or phenotype of antigen-specific cells
following IM ChAdOx1 boost, or perhaps better stated, the route of the boost vaccination
is the determining factor of magnitude and quality.

The same analysis was done to assess magnitude and quality of IV ChAdOx1
boosted cells. Heterologous prime boost using IV ChAdOx1 elicited higher magnitude
responses than IM SNP or [V SNP given twice (p = 0.0309 and 0.0226, respectively)
(Figure 3.3J). However, the route of prime did not affect the magnitude achieved

following IV ChAdOx1 boost (p > 0.9999). Similarly to the IM ChAdOx1 boosted cells,

78



Understanding the effect of route and interval on heterologous prime boosted CD8 T cell responses

the IV boosted cells showed no qualitative difference in the proportion of cells classified
as SLECs/MPEC:s or in their expression of PD-1 (Figure 3.3K-L). IM SNP primed
responses had a slightly higher level of expression of eomes as compared to IV SNP
primed responses following IV ChAdOx1 boost (p = 0.0317) (Figure 3.3M).
Collectively, these data suggest that the route of SNP priming has a very minimal
impact on the magnitude and quality of antigen-specific CD8 T cell response elicited by

heterologous prime boost.

3.3.4 Interval between prime and boost does not affect peak magnitude, but
heterologous prime boost improves polyfunctionality for IV ChAdOx1 boosted cells.

The interval between prime and boost vaccinations has been shown to significantly
impact the immune response generated against infectious diseases [196]. In order to
determine the effect of interval on CD8 T cell responses elicited by SNP-ChAdOx|1
heterologous prime boost, mice were primed with SNP in a staggered manner either 4-, 2-
or 1- week(s) prior to boosting with ChAdOx1. Given that the route of priming did not
have a significant impact on magnitude and quality of the antigen-specific CD8 T cell
responses following ChAdOx1 boost (Figure 3.3), and that the IV route of administration
is preferred for SNP, all mice received IV SNP vaccinations. Mice were bled at the time of
boost in order to determine differences in magnitude of SNP primed responses based on
time elapsed from vaccination. The mice were bled 1, 2, 4, 8, and 16 weeks after
ChAdOx1 boost. ChAdOx1 was administered both IM and IV to understand the effect of
interval and route on antigen-specific CD8 T cell responses (Figures 3.4A and 3.5A).

The complete kinetic of the Reps1-specific CD8 T cell response following
heterologous prime boost using IM ChAdOx]1 is displayed in figure 3.4B. Surprisingly, at

the time of boost, the magnitude of the Reps1-specific CD8 T cell responses were
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Figure 3.4 Interval between prime and IM ChAdOx1 boost does not affect magnitude or quality
of CD8 T cell response. (A) Immunogenicity study vaccination and sampling schedule, legend for
entire figure. (B) Kinetic of CD8 T cell response over 16 weeks starting at time of boost, measured by
tetramer staining. (C) Reps1-tetramer response after priming, at time of boost. (D) Reps1-tetramer
response 1 week post boost. (E) Repsl-tetramer response 2 weeks post boost. (F) MFI of PD-1 and
Eomes on Repsl-tetramer positive cells in blood 2 weeks post boost. (G) Frequency of IFNy and TNFa
co-producers following peptide restimulation of PBMCs 2 weeks post boost detected by flow
cytometry. (H) Pie charts showing proportion of response corresponding to cytokine production groups.
Stats: (C-G) Data represented as mean = SD, Kruskal-Wallis test with Dunn’s correction for multiple
comparisons.

%Cytokine+/CD8

;
P4
«
+
4+ -

80



Understanding the effect of route and interval on heterologous prime boosted CD8 T cell responses

equivalent between all groups that received an IV SNP prime (p >0.9999), regardless of
how much time had elapsed between the vaccination and sampling (Figure 3.4C). The
only time point at which SNP prime appears to increase magnitude of the Reps1-specific
CDS8 T cell response relative to no-prime IM ChAdOx1 vaccination is 7 days post boost.
At this time point, there is no difference in the peak magnitude between the different
interval SNP prime groups, but all heterologous prime boost groups are significantly
different to IM ChAdOx1 alone (Figure 3.4D). By 14 days post boost, the heterologous
prime boost groups are not significantly different to the magnitude achieved by IM
ChAdOx1 alone, except for the 4-week interval (p = 0.0260) (Figure 3.4E). At all time
points after 2 weeks post boost, there are no statistically significant differences between
the heterologous prime boost groups and IM ChAdOx1 alone.

In addition to understanding the effect of interval on magnitude, it was important
to determine if there were any qualitative differences in the Reps1-specific CD8 T cell
response following heterologous prime boost as compared to using IM ChAdOx1 alone.
The frequency of Reps1-specific CD8 T cells 7 days post IM ChAdOx1 alone was very
low and not suitable for comparison. There were no significant differences in the
expression of PD-1 between heterologous prime boost groups and IM ChAdOx1 at 2
weeks post boost (Figure 3.4F). The 1- and 2- week interval groups did however have a
lower expression of eomes as compared to IM ChAdOx1 alone. Together, these data do
not clearly indicate if any group is more terminally differentiated than the others based on
the marker expression. In addition, the polyfunctionality of the Reps1-specific CD8 T cell
response was assessed and there was only one statistically significant difference between
the 2-week interval group and IM ChAdOx1 alone (p = 0.0081) in terms of the frequency
of polyfunctional CD8 T cells (Figure 3.4G). This higher magnitude polyfunctional

response is reflected in the higher proportion of the total response that is polyfunctional in
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figure 3.4H. However, the differences in proportion are not particularly striking. This
further indicates that no group is more terminally differentiated than any of the others or
IM ChAdOx1 alone, therefore when boosting with IM ChAdOx1 the interval between
prime and boost seems to have little effect on magnitude or quality of the Reps1-specific
CDS8 T cell response.

The effect of interval between prime and boost was also assessed when using
ChAdOxI1 1V, and a complete kinetic is provided in figure 3.5B. In the kinetic, it appears
as though the I'V heterologous prime boost elicits a higher magnitude response, regardless
of interval, over the first 4 weeks, and then coalesces with the IV ChAdOx1 alone group at
weeks 8 and 16. As seen previously, there were no significant differences in the magnitude
of Repsl-specific CD8 T cell responses following the staggered IV SNP prime
vaccinations as they all had the same magnitude at the time of boost (Figure 3.5C). All
heterologous prime boost groups had a higher magnitude response 7 days post boost as
compared to [V ChAdOx1 alone given at time of boost (Figure 3.5D). However, at 2
weeks post boost, the responses in the 2- and 1- interval groups is not significantly
different to the IV ChAdOx1 alone (Figure 3.5E).

In contrast to the IM heterologous prime boost groups, the IV heterologous prime
boost groups all had decreased expression of Eomes and PD-1 as compared to IV
ChAdOxI1 alone 2 weeks post vaccination (Figure 3.5F). This indicates that though the
magnitude of the response trends towards being higher, the cells following IV
heterologous prime boost are less terminally differentiated at this time point and may be
more functional. To corroborate these finding, polyfunctionality was assessed and all three
intervals were found to elicit a higher frequency of polyfunctional cells following IV
ChAdOx1 boost as compared to IV ChAdOx1 vaccination alone (Figure 3.5G). IFNy

single producers were also significantly different in the 4- and 1- week interval groups as
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Figure 3.5 Interval between prime and IV ChAdOx1 boost does not affect magnitude or quality of
CDS8 T cell response. (A) Immunogenicity study vaccination and sampling schedule, legend for entire
figure. (B) Kinetic of CDS8 T cell response over 16 weeks starting at time of boost, measured by
tetramer staining. (C) Reps1-tetramer response after priming, at time of boost. (D) Reps1-tetramer
response 1 week post boost. (E) Reps1-tetramer response 2 weeks post boost (F)MFI of PD-1 and
Eomes on Repsl-tetramer positive cells in blood 2 weeks post boost. (G) Frequency of IFNy and TNFa
co-producers following peptide restimulation of PBMCs 2 weeks post boost detected by flow
cytometry. (H) Pie charts showing proportion of response corresponding to cytokine production groups.
Stats: (C-G) Data represented as mean = SD, Kruskal-Wallis test with Dunn’s correction for multiple
comparisons.
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compared to IV ChAdOx1 alone (p =0.0174 and 0.0120, respectively) but not
significantly different in the 2-week interval group. These differences in functionality are
represented by an approximate doubling of the proportion of cells that are polyfunctional
in the 4- and 2- week interval groups and a tripling of the proportion in the 1-week interval
group (Figure 3.5H).

Collectively, the data presented in figures 3.6 and 3.7 suggest that the interval
between SNP prime and ChAdOx1 boost has little to no effect on the magnitude and
quality of the antigen-specific response elicited, regardless of the route of boosting. The
SNP prime enables a rapid expansion of antigen-specific CD8 T cells following both IM
and IV ChAdOx1 boost as evidenced by the difference in magnitude between
heterologous prime boost groups and ChAdOx1 alone 7 days post vaccination. However,
this difference in magnitude (based on tetramer) is transient for both routes of boosting
and disappears by 2-weeks post vaccination. Interestingly, SNP priming of responses does
not alter the phenotype or polyfunctionality of the CD8 T cell response following IM
ChAdOx1 boost, but does affect the phenotype and cytokine production of IV ChAdOx1
boosted cells as compared to IV ChAdOx1 alone. Finally, the magnitude of the CD8 T cell
response achieved by IV ChAdOx1 16 weeks post vaccination is still higher than peak IM
ChAdOx1 vaccination in all groups except the 1-week interval, which is a similar trend to

what was seen in Figure 3.2.

3.3.5 IV heterologous prime boost elicits the highest magnitude CD8 T cell response
and displays improved protection from MC38 tumor challenge

Though the effect of route and interval on heterologous prime boost elicited CD8 T
cell responses had been characterized in depth on an immunological level, the T cells had

not been tested for their ability to protect from tumor challenge. To test the efficacy of the
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heterologous prime boost elicited cells, a prophylactic study was undertaken, whereby
mice were primed with SNP and then boosted with ChAdOx1 at a 2 week interval. The
mice were then challenged with the MC38 mouse colorectal cancer cell line 2 weeks after
the ChAdOx1 vaccination. The mice were sampled for blood to assess T cell responses 7
days post prime and at the time of tumor challenge. In addition to the tumor challenge, the
mice would be given a single dose of checkpoint inhibitor — in this case aPD-L1 (Figure
3.6A). IV SNP prime and boost was used as a reference group, given that the expected
level of protection is known from previous studies in the lab. All three groups that
received a SNP prime had equivalent responses at D7 (Figure 3.6B).

At D28 (time of challenge), the IV ChAdOx1 boosted group had the highest
magnitude Reps1-specific CD8 T cell response, and was significantly different to both the
IV ChAdOx1 alone (p = 0.0144) and the IM ChAdOx1 boosted group (p < 0.0001)
(Figure 3.6C). There was no difference in magnitude between the SNP primed — IM
ChAdOx1 boosted group and the IM ChAdOx1 alone group in terms of magnitude (p
>0.9999). Interestingly, in this instance the IV ChAdOx1 alone group was not
significantly higher than the IM ChAdOx1 alone group (p = 0.2532), though this may be
due to the use of different statistical tests. In figure 3.2, there were only two groups, so
they were compared by using a Mann-Whitney test, whereas in this study it was compared
by Kruskal-Wallis with Dunn’s correction for multiple comparisons.

In addition to tetramer data, the polyfunctionality of the different groups was
assessed and was concordant with the observations made in figures 3.4 and 3.5. The SNP
prime — IM ChAdOx1 boosted cells were not significantly different to IM ChAdOx1 alone
group, whereas the SNP primed — IV ChAdOx1 boosted group had a higher frequency of
both polyfunctional and IFNy single producers as compared to the [V ChAdOx1 alone

group (Figure 3.6D). As there were no differences in TNFa single producers, that data has
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Figure 3.6 IV heterologous prime boost elicits highest magnitude CD8 T cell response and improves
protection against MC38 tumor challenge. (A) Prophylactic study vaccination and sampling schedule,
legend for entire figure. (B) Magnitude of Reps1-specific CD8 T cell response in blood 7 days after SNP
prime. (C) Magnitude of Reps1-specific CD8 T cell response in blood 14 days after boost vaccination. (D)
Frequency of IFNy and TNFa co-producers following peptide restimulation of PBMCs 2 weeks post boost
detected by flow cytometry. (E) Average tumor growth curves following MC38 challenge, groups receiving
IM ChAdOx1 (left panel) and IV ChAdOx1 (right panel). (F) Survival of groups receiving IM ChAdOx1 (left
panel) and IV ChAdOx1 (right panel). (G) Correlation of Reps-1 tetramer specific response at time of
challenge and tumor volume 23 days after implantation. (H,I) MFI of (H) PD-1 and (I) Eomes on Repsl1-
tetramer positive cells in blood at time of challenge. Stats: (B-D) Data represented as mean + SD, Kruskal-
Wallis test with Dunn’s correction for multiple comparisons. (E) Two way ANOVA with Bonferroni
correction for multiple comparisons, p-values compared to naive mice. (F) Mantel-Cox Log-rank test,
compared to naive mice (left panel). (G) Spearman’s Rank correlation, line of best fit. (H, I) Data represented
as mean + SD, Mann-Whitney test.
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been omitted in this figure.

Following tumor challenge, mice were checked regularly for the development of
tumors and measured until humane endpoint criteria were met and the mice removed from
the study. All vaccinated groups exhibited some level of statistically significant protection
as compared to the naive group based on the differences in tumor volume at day 23 post
tumor implantation (Figure 3.6E). This reduced tumor growth translated into longer
survival time that was statistically significant for the IM groups as compared to naive
(Figure 3.6F). Interestingly, there was no difference in protection between the SNP prime
— IM ChAdOx1 boosted group and the IM ChAdOx1 alone, indicating that for the IM
route of vaccination there may be no benefit to heterologous prime boost. The survival in
the IV ChAdOx1 groups was better and statistically there was a difference between the
SNP primed — IV ChAdOx1 boosted group and IV ChAdOx1 alone (p = 0.0211). There
was, however, no improvement between IV ChAdOx1 alone as compared to IV SNP
given twice (p = 0.1141).

Given the dramatic improvement in terms of survival afforded by the SNP primed
— IV ChAdOx1 boosted group, and that this group had the highest magnitude CD8 T cell
response, it seemed reasonable to attempt to determine whether magnitude of the Reps1-
specific CD8 T cell response correlated with outcome. A moderate correlation (r = -
0.6357, p <0.0001) was calculated across all groups based on their Reps1-specific CD8 T
cell response at the time of challenge and tumor volume 23 days post implantation (Figure
3.6G). In addition to magnitude, the expression of PD-1 and Eomes was assessed on the
Reps1-specific CD8 T cells to determine if there were any significant differences that
might also correlate with outcome. The trends were similar to those observed in figures
3.4 and 3.5, whereby there was no difference in PD-1 expression in the IM ChAdOx]1

groups, but IV ChAdOx1 alone had a much higher expression of PD-1 than SNP primed —
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IV ChAdOx1 boosted cells (Figure 3.6H). In terms of Eomes expression, both the IM and
IV ChAdOx1 alone groups had higher expression as compared to the same vaccination
given after SNP prime(Figure 3.6I).

Given that no phenotypic marker or polyfunctionality of cells in the blood had
better predictive value of outcome than the magnitude of the Reps1-specific CD8 T cell
response, a set of mice were sacrificed at the time of tumor challenge to investigate if
there were any differences in T cell phenotype in the spleen that might explain the
improved protection in the IV heterologous prime boost group. The trends in terms of
magnitude of CD8 T cell response in the spleen for both tetramer and cytokine production
were similar to blood, though in some cases not statistically significant likely due to the
reduced number of samples per group (Figures 3.7B, 3.7C). The expression of Eomes and
PD-1 also followed the same trend in the spleen derived Reps1-specific CDS T cell
responses as in the blood (Figures 3.7D, 3.7E).

One population that can be assessed in the spleen but not the blood is the
frequency of stem-like cells. These cells are defined by the co-expression of TCF-1 and
PD-1, and have been described as the reservoir of cells that responds to checkpoint
inhibitors like aPD-1 [46]. An example of staining for TCF-1 and PD-1 is provided in
figure 3.7F. Interestingly, the two groups with the best protection had the lowest
proportion of stem-like cells (Figure 3.7G). However, if back-calculated to estimate the
total number of stem-like cells present in the spleen, it becomes clear that the SNP primed
— IV ChAdOx1 boosted group has the highest absolute number of stem-like cells present
in the spleen. This is not statistically significant, likely again due to the limited number of
samples. The higher absolute number is due to the higher magnitude of Reps1-specific
CDS8 T cell responses following SNP prime — [V ChAdOx1 boost, thereby making it

possible for a smaller percentage to be a higher absolute count (Figure 3.7H). Regardless,
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Figure 3.7 IV heterologous prime boost elicits highest magnitude of CD8 T cell responses in spleen
and trends towards greatest number of stem-like cells. (A) Prophylactic study vaccination and
sampling schedule, legend for entire figure. (B) Magnitude of Reps1-specific CD8 T cell response in
spleen 14 days after boost vaccination. (C) Frequency of IFNy and TNFa co-producers following peptide
restimulation of splenocytes 2 weeks post boost detected by flow cytometry. (D, E) MFI of (D) Eomes
and (E) PD-1 on Repsl-tetramer positive cells in spleen at time of challenge. (F) Gating example on flow
plot of TCF1 and PD-1, TCF1+PD-1+ cells are termed stem-like. (G) Frequency of Reps1-tetramer+ cells
that fall into each category based on TCF1/PD-1 staining in panel. (H) Absolute count of stem-like cells
in spleen at time of challenge. Stats: (B) Data represented as mean = SD, Kruskal-Wallis test with Dunn’s
correction for multiple comparisons. (C-E, H) Data represented as mean + SD, Mann-Whitney test.

none of the immunological data provides a better understanding of the factors (in addition
to magnitude) that may be affecting protection from tumor challenge.

A CDS8 depletion study was done to confirm that the vaccine induced Reps1-
specific CD8 T cell response is indeed required for protection from tumor challenge. Mice
were primed with SNP and boosted 2 weeks later with [V ChAdOx1. Three days and one
day prior to MC38 tumor challenge, mice in one group were treated with an anti-CD8f3

chain antibody to deplete CDS8 T cells. Targeting the CD8p chain is important as other

89



Understanding the effect of route and interval on heterologous prime boosted CD8 T cell responses

cells, like cDCl1s are known to express CD8a [51] and should not be depleted. Mice were
bled at the time of challenge to determine the efficiency of the depletion and the
magnitude of the Reps1-specific CD8 T cell response in the non-depleted group (Figure
3.8A). The number of CD8 T cells detected in blood at time of challenge was almost 0 in
the depleted group, but there was no difference in the number of CD8 T cells in the naive
and non-depleted group (Figure 3.8B). The magnitude of the CD8 T cell response in the
non-depleted group was high as normal (~30% Reps1-specific) (Figure 3.8C). The
depletion of CD8 T cells completely abrogated protection as determined by both tumor
growth and survival (Figures 3.8D, 3.8E).

Together these data demonstrate that the IV heterologous prime boost group elicits
the highest magnitude Reps1-specific CD8 T cell response and provides the best
protection as compared to all other tested groups. The best indicator for protection in this
model appears to be magnitude of the Reps1-specific CD8 T cell response, regardless of
cytokine production or qualitative marker expression. Given the limits of flow cytometry,
it may be necessary to investigate the effects of heterologous prime boost on antigen-

specific CD8 T cells by scRNA sequencing.
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Figure 3.8 Protection from MC38 elicited by IV heterologous prime boost is dependent on the
CDS8 T cell response. (A) Prophylactic study vaccination and sampling schedule, legend for entire
figure. (B) CD8 T cell count in blood at time of challenge. (C) Magnitude of Reps1-specific CD8 T cell
response in blood. (D) Average tumor growth curves. (E) Survival. Stats: (C) Data represented as
mean + SD, Mann-whitney test. (D) Two way ANOVA with Bonferroni correction for multiple
comparisons, p-values compared to naive mice. (E) Mantel-Cox Log-rank test, compared to naive mice.
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3.4 Conclusions and discussion
3.4.1 The route of ChAdOx1 vaccination is the determining factor for CD8 T cell
magnitude, which best correlates with tumor protection in the prophylactic setting

Previous work from the Seder lab has elucidated the importance of vaccination
route for eliciting protective immune responses against infectious diseases like TB [191]
and cancer [188]. The magnitude and quality (including polyfunctionality) of CD8 T cell
responses has been shown to correlate with positive outcomes in cancer and infectious
disease across mice [180], non-human primates [197] and humans [198]. This provided a
rationale for testing the effect of route (IM or IV) on ChAdOx1 elicited CD8 T cell
responses, both in terms of magnitude and quality.

Initially, the goal was to characterize differences between ChAdOx1 primed
responses based on the route of immunization. The IV route appears to promote a more
terminally differentiated phenotype and less polyfunctional CD8 T cell response as
compared to IM ChAdOx1 vaccination (Figure 3.1/3.2). This is surprising as it is the
opposite trend to that seen by vaccination with SNP. One possibility is that IV ChAdOx1
vaccination enables systemic distribution of the virus which may then infect long-lived
cells. In these cells, ChAdOx1 could continue to produce antigen that would be processed
and presented, resulting in chronic antigen stimulation of CD8 T cell responses and the
maintenance of high magnitude over time. Previous work has demonstrated that local
vaccination SC with SNP also enables antigen persistence for prolonged periods of time
and might partially explain why the trends are reversed for these two vaccines [188]. IV
ChAdOx1 and SNP SC vaccination may both result in antigen persistence. This suggests
vaccine specific features that may be important for vaccine development.

One further interesting finding is that the route of SNP priming did not affect the

magnitude and quality of the CD8 T cell response following ChAdOx1 boost (Figure 3.3).
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The interval between SNP prime and ChAdOx1 boost similarly had no detectable impact
on the magnitude and quality of the antigen-specific CD8 T cell response (Figure 3.4/3.5).
Together these data suggest that the route of ChAdOx1 boost was the determining factor
of magnitude and quality of the CD8 T cell response.

Given IV ChAdOx1 vaccination elicited high magnitude of CDS8 response, it was
important to test both routes in the prophylactic setting. This would demonstrate if the
CDS8 T cell responses were functional, despite IV ChAdOx!1 eliciting more terminally
differentiated CD8 T cell responses. The IV heterologous prime boost group elicited the
highest magnitude of CDS8 T cell response and also gave the best protection of all groups
tested (Figure 3.6). There was no clear correlation between the polyfunctionality or
phenotypic quality of the antigen-specific cells in the blood or spleen at the time of
challenge and protection from tumor growth (Figure 3.6/3.7). To demonstrate that
protection was indeed dependent on vaccine elicited CD8 T cell responses, a depletion
study was undertaken (Figure 3.8). Depleting CD8 T cells in the IV heterologous prime
boost group completely abrogated protection, demonstrating that the CD8 T cell responses
elicited were functional and capable of mediating protection from tumor challenge. It was
important to demonstrate this prior to attempting therapeutic studies, to ensure that the

CDS8 T cell response could protect from tumor challenge.

3.4.2 Limitations of studies and future studies

The initial studies investigating heterologous prime boost with SNP and ChAdOx1
were focused on testing immune responses against a single neoantigen (Repsl1) that has
been previously published to provide protection from MC38 tumor challenge [188]. Since
all immunogenicity studies have been performed with this antigen, it is not clear if some

of the findings are specific to Reps1 and not generalizable to other antigens. To improve
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the understanding of how route and interval affect magnitude of CD8 T cell responses, it
would be important to repeat the immunogenicity experiments with a different antigen.

Flow cytometry is a biased approach to characterizing immune responses as panels
are developed based on prior knowledge. It is descriptive and not typically exploratory. It
is possible that there are more qualitative differences dependent on the route of
vaccination of ChAdOx1 that have not been identified. Another method to characterize
cell states is by the use of single cell RNA sequencing (scRNA seq). This is an unbiased
approach that allows the sampling of the transcriptional landscape of cells of interest. The
cells can then be characterized in depth to identify unique signatures/states that are
dependent on the route of vaccination or vaccine platform used.

Prophylactic studies are useful to determine if the immune response elicited by a
vaccination strategy is capable of mediating protection from a tumor model. This is less
stringent and clinically relevant than a therapeutic study, which consists of implanting
mice with tumors and then beginning intervention. It is possible that what works in the
prophylactic setting would not be efficacious in a therapeutic setting. Given that the
clinical paradigm is one where a patient presents first with a tumor and then would receive
a vaccine intervention, it is important to test the heterologous prime boost strategy using

mouse tumor models. This will be the subject of chapter 4.
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Chapter 4

Determining the efficacy of heterologous prime boosted

CDS8 T cell responses in the therapeutic setting
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4.1 Introduction

The experiments described in chapter 3 demonstrated the capacity of heterologous
prime boost to elicit CD8 T-cell responses capable of providing protection from tumor
challenge. However, one serious limitation of the prophylactic setting is its lack of
resemblance to the clinical paradigm, whereby a patient presents with a tumor prior to
vaccination. For this reason, the next logical step was to test the heterologous prime boost
vaccination strategy in mice that already had established tumors, to determine if
therapeutic vaccination could also induce tumor regression and clearance.

As therapeutic studies are likely to provide more relevant data to the clinical
paradigm, experiments were undertaken with three different tumor models. The MC38
model, as previously described in chapter 3, was targeted by vaccination against either
Reps1 or Adpgk. Both neoantigens were validated by mass spectrometry by Yadav et al
(Nature, 2015), and so MC38 tumors should respond to therapeutic vaccination and
induction of neoantigen-specific CD8 T cell responses against both. In addition,
heterologous prime boost vaccination was assessed for efficacy in the TC-1 mouse lung
cancer model and in the B16F10 melanoma model. The TC-1 cell line was transformed to
express HPV-16 E6 and E7 viral proteins [199], which contain high affinity epitopes that
can cause tumor rejection [186]. For B16F 10, the self-antigen Trp1 can be targeted to
elicit a CD8 T cell responses to promote tumor rejection [186].

For therapeutic studies, mice are implanted with tumor cells subcutaneously in the
flank and allowed to develop small, palpable tumors prior to any intervention. Most
tumors develop rapidly when implanted subcutaneously and therefore impose a time
constraint on treatment regimens. For this reason, all therapeutic studies rely on a one-

week interval between prime and boost. As demonstrated in figures 3.6 and 3.7, the
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shortened interval should have a limited impact on the magnitude and quality of the CD8
T cell response, regardless of the route of ChAdOx1 vaccination.

Given the emphasis on developing a personalized vaccination strategy, the studies
here focus on priming with SNP and boosting with ChAdOx1. The opposite strategy
would theoretically be possible in the case of viral- or self-antigens as these vaccines
could be mass-produced and given to patients as an off-the-shelf therapy [131]. Targeting
viral or self-antigens would remove the manufacturing time constraint inherent to
personalized vaccination strategies. Furthermore, the route of priming with SNP in the
therapeutic setting is always [V, whereas both IM and IV vaccination will be tested for
ChAdOxI1. This is because previous data has already demonstrated the need for a systemic
vaccination approach to get optimal protection with SNP [188].

In addition, all studies were conducted with the use of aPD-L1 given weekly
starting at the time of the boost vaccination. Previous data from the Seder lab has shown
that neither MC38 nor B16F10 tumors respond to vaccination in the absence of checkpoint
inhibitor. However, the TC-1 model does not require checkpoint inhibitor to respond to
vaccination. Nevertheless, for consistency, and due to the likelihood of being given as a
combination therapy in humans, all TC-1 studies also received checkpoint inhibitor
treatment with their vaccinations.

Blood was sampled from mice one week post boost vaccination in all cases in
order to compare the magnitude of the CD8 T cell response between groups. Waiting
longer to sample blood would run the risk of losing mice from groups that did not exhibit
protection, thereby making it difficult to draw conclusions. The magnitude and quality of
CDS8 T cell responses in the blood could then be characterized and correlated with the

outcome. In addition, some mice in the MC38 tumor model were sacrificed to look at the
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CDS8 T cell response in the spleen and tumor to determine if there were any other major

qualitative differences that correlated with tumor regression.

4.2 Chapter Aims
1. To evaluate heterologous prime boost vaccination strategy in the therapeutic
setting
2. To identify a correlation between the blood CD8 T cell response and anti-tumor
efficacy
3. To determine if this is a general feature of therapeutic cancer vaccination by using

alternative antigens and/or tumor models
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4.3 Results
4.3.1 Heterologous prime boost with IM ChAdOx1 improves protection compared to
IM ChAdOx1 alone in MC38

Initial testing of heterologous prime boost focused on using ChAdOx1 as an IM
vaccination. As this is the standard route of vaccination for ChAdOx1, it could be used to
establish a benchmark of protection for heterologous prime boost and begin to determine
if there might be a benefit to heterologous prime boost vaccination as compared to either
vaccine alone. The experiment was carried out as described in section 4.1 (figure 4.1A).
The groups described in the legend are comprised of:

1. ChAdOx1 encoding Reps1 given IM at time of prime, this represents the earliest
possible intervention one could attempt with ChAdOx1. Heterologous prime boost
must be better than this group to warrant further investigation.

2. Heterologous prime boost using SNP IV followed by ChAdOx1 IM. Both
vaccinations provide Reps1 antigen. This is the test group.

3. SNP given twice IV is the positive control for this study as previous data has
demonstrated an expected protection rate of 40-60% [188].

4. ‘Empty’ (no Reps] antigen) SNP IV prime followed by ChAdOx1 encoding Reps1
IM. This group is a control for the heterologous prime boost to ensure that any
protection is dependent on a SNP primed CD8 T cell response and not a generic
effect of systemic TLR-7/8a given at the time of priming.

5. Repsl SNP IV prime followed by IM ChAdOx1 without an antigen insert. This
group is a control to determine if efficacy in the heterologous prime boost group is
dependent on expanding the CD8 T cell response or not.

6. Naive tumor bearing mice that receive only the checkpoint inhibitor. This is the

negative control of this study.
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Figure 4.1 IM heterologous prime boost improves protection compared to IM ChAdOx1 alone.
(A) Therapeutic study treatment and sampling schedule, legend for all figure panels. (B) Tumor growth
curves plotted as mean + SEM. (C) Survival curves for all groups, compiled from 3 studies. (D)
Immunogenicity at day 21 measured by tetramer staining PBMCs using a Reps1-specific tetramer (E)
Correlation of Repsl specific response at day 21 and tumor volume at day 25, plotted with line of best
fit. (F) MFI of PD-1 on Reps1-tetramer positive cells in blood. (G) Frequency of IFNy and TNFa co-
producers following peptide restimulation detected by flow cytometry. (H) Correlation of
polyfunctional frequency at day 21 and tumor volume at day 25, plotted with line of best fit. (I) MFI of
Tim-3 on IFNy producing cells in blood. Stats: (B) Two way ANOVA with Bonferroni correction for
multiple comparisons. (C) Mantel-Cox Log-rank test (D, F, G, I) Data represented as mean + standard
deviation, Kruskal-Wallis test with Dunn’s correction for multiple comparisons. (E, H) Spearman’s
Rank correlation. Data representative of three independent experiments.
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Previous experiments in the lab have shown that IV SNP prime alone (no boost) does not
provide a therapeutic benefit in this model, and therefore this group has not been included
in these studies.

As expected, the SNP IV given twice (positive control) elicited some level of
tumor regression (Figure 4.1B) and cleared ~40% of tumors (Figure 4.1C). There was no
significant difference between the tumor sizes of SNP IV given twice and the heterologous
prime boost group at day 22 (p = 0.5879) post tumor inoculation. The overall survival rate
was also identical between the heterologous prime boost group and the SNP IV given
twice, indicating that heterologous prime boost performs at least as well as the positive
control (p = 0.7195).

Heterologous prime boost significantly reduced tumor size at day 22 as compared
to:

e IM ChAdOxI1 alone given at time of prime vaccination, p = 0.0419

e Empty SNP followed by ChAdOx1 IM, p <0.0001

e Repsl SNP IV followed by empty ChAdOx1 IM, p =0.0010
The heterologous prime boost group also significantly improved survival compared to all
controls, in line with the improvements in tumor growth. All control groups displayed
tumor growth curves similar to the naive, thereby indicating they did not significantly
reduce tumor growth. In addition, the IM ChAdOx]1 prime alone group did not improve
survival as compared to naive. However, both the empty SNP followed by Reps1
ChAdOx1 IM group and the Reps1 SNP followed by empty ChAdOx1 groups improved
survival as compared to naive (p = 0.0007 and 0.0005, respectively).

Blood was sampled, processed and stained with a Reps1 tetramer as described in
chapter 3 to determine if the vaccine elicited CD8 T cell responses elicited by the different

vaccination regimens correlated with tumor regression. The highest magnitude response

101



Determining the efficacy of heterologous prime boosted CD8 T cell responses in the therapeutic setting

was elicited by the heterologous prime boost group, and was significantly higher than all
other vaccine groups (Figure 4.1D). There was no significant difference in the magnitude
of the Reps1-specific CD8 T cell response elicited by IM ChAdOx1 alone at time of prime
and the SNP IV given twice (positive control). The SNP IV given twice elicited a higher
magnitude response than SNP IV followed by empty ChAdOx1 (p < 0.0001), which is
expected. The tetramer response was then correlated with the tumor volume at day 25
(Figure 4.1E) across all groups. A significant negative correlation was identified between
tumor volume and Reps1 tetramer response (r = -0.43, p = 0.0029). This indicates that an
increased Reps1 T cell response is associated with reduced tumor volume, as was the case
in the prophylactic setting.

In addition to correlating magnitude, the expression of PD-1 was assessed on the
surface of the Repsl-specific CD8 T cells (Figure 4.1F). Though there were no significant
differences between most groups, the IM ChAdOx1 prime alone had a lower expression of
PD-1 as compared to Reps1 SNP IV given twice (p = 0.0101). This is surprising given the
lack of tumor control seen in the IM ChAdOx1 group as compared to the IV SNP given
twice, thereby indicating that the expression of PD-1 on antigen-specific CD8 T cells in
the blood may not be a good predictive marker for efficacy.

The capacity of Reps1-specific CD8 T cells to produce IFNy and TNFa was
investigated by performing a peptide restimulation assay (described in chapter 3). As the
production of IFNy alone closely follows the tetramer specific response, that data is not
shown. However, the different vaccine regimens may affect the frequency of
polyfunctional (IFNy and TNFa co-producing) CD8 T cells. There is no statistically
significant difference in the frequency of polyfunctional cells between the heterologous
prime boost group and the SNP IV given twice group (Figure 4.1G), even though there

was a difference in the tetramer response (Figure 4.1D). The heterologous prime boost
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group also had a higher frequency of polyfunctional cells as compared to all other control
groups. Correlating the frequency of polyfunctional cells in the blood on day 21 against
tumor volume on day 25 (Figure 4.1H) revealed a stronger correlation than the tetramer
response (r =-0.6318, p < 0.0001). The expression of Tim-3 was assessed on the IFNy
producing CD8 T cells, and there were few statistically significant differences between
groups indicating similar levels of exhaustion between groups (Figure 4.11).

Collectively, these data indicate that the magnitude of the T cell response in the
blood may moderately correlate with tumor regression in the therapeutic setting. Given the
difference in Reps1-tetramer magnitude between the heterologous prime boost group and
the SNP IV given twice group and the lack of difference in polyfunctionality between
these two groups; it is possible that functionality may be a better predictor than tetramer
response for tumor regression. Interestingly, neither the expression of PD-1 or Tim-3 on
antigen-specific CD8 T cells from the blood correlated with tumor control, despite using

aPD-L1 to promote regression.

4.3.2 IV heterologous prime boost improves tumor regression compared to IV
ChAdOx1 alone

Previous data in chapter 3 demonstrated the benefits of heterologous prime boost
when using ChAdOx1 IV as a strategy that elicits the highest magnitude antigen-specific
CDS8 T cell response. Given the correlation seen between magnitude and tumor volume
(Figure 4.1), it seemed likely that IV heterologous prime boost could improve tumor
regression and clearance compared to the positive control (IV SNP given twice) as it
would be expected to elicit much higher magnitude CD8 T cell responses than the IM

heterologous prime boost.
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Heterologous prime boost using [V ChAdOx1 was tested as shown in figure 4.2A.
The groups are the same as in the IM heterologous prime boost study, but with ChAdOx1
given IV in all cases. The IV heterologous prime boost group exhibited the same level of
tumor regression as SNP IV given twice (Figure 4.2B, p > 0.9999) and provided
equivalent survival (Figure 4.C, ~40-45%, p = 0.8760). The heterologous prime boost
group improved tumor regression compared to all control groups:

e IV ChAdOxI alone prime, p < 0.0001

e Empty SNP followed by Repsl ChAdOx1 IV, p=0.0051

e Repsl SNP followed by empty ChAdOx1 IV, p = 0.0094

However, in terms of survival the heterologous prime boost group was
significantly better than the empty SNP followed by Reps1 ChAdOx1, (p = 0.0030) and
the ChAdOx1 prime alone (p < 0.0001) but was not significantly different to the Repsl
SNP followed by empty ChAdOx1 (p= 0.0865). This indicates that for tumor regression
and clearance, the SNP must provide antigen to elicit a CD8 T cell response, but perhaps
the ChAdOx1 does not need to encode the antigen. The heterologous prime boost is still
better when the ChAdOx1 encodes Repsl, but not significantly in terms of survival.

In contrast to the IM control groups, where the tumors grew out at the same rate as
the naive mice, the IV control groups all exhibited a reduction in the rate of tumor growth
as compared to naive (Figure 4.2B). The Repsl ChAdOx1 IV prime alone slowed growth
(p <0.0001), but this did not translate into improved survival (p = 0.3197). The empty
SNP followed by Reps] ChAdOx1 and the Reps1 SNP followed by empty ChAdOx1
groups both displayed improved survival by comparison to naive in addition to the
reduced tumor growth rate (p = 0.0056, <0.0001, respectively). This may indicate that IV
ChAdOx1 vaccination as a boost may provide some therapeutic benefit that is independent

of its ability to boost the CD8 T cell response.
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Figure 4.2 IV heterologous prime boost improves protection compared to IV ChAdOx1 alone.
(A) Therapeutic study treatment and sampling schedule, legend for all figure panels. (B) Tumor growth
curves plotted as mean + SEM. (C) Survival curves for all groups, compiled from 3 studies. (D)
Immunogenicity at day 21 measured by tetramer staining PBMCs using a Reps1-specific tetramer (E)
Correlation of Repsl specific response at day 21 and tumor volume at day 25, plotted with line of best
fit. (F) MFI of PD-1 on Repsl1-tetramer positive cells in blood. (G) Frequency of IFNy and TNFa co-
producers following peptide restimulation detected by flow cytometry. (H) Correlation of
polyfunctional frequency at day 21 and tumor volume at day 25, plotted with line of best fit. (I) MFI of
Tim-3 on IFNy producing cells in blood. Stats: (B) Two way ANOVA with Bonferroni correction for
multiple comparisons. (C) Mantel-Cox Log-rank test (D, F, G, I) Data represented as mean + standard
deviation, Kruskal-Wallis test with Dunn’s correction for multiple comparisons. (E, H) Spearman’s
Rank correlation. Data representative of three independent experiments.
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The Repsl-specific CD8 T cell response was assessed by tetramer staining as
before. The trends are as expected with IV heterologous prime boost eliciting the highest
magnitude CD8 T cell response as compared to all other groups (Figure 4.2D).
Interestingly, the IV SNP given twice group does not have a significantly higher
magnitude response as compared to the IV SNP prime followed by the empty ChAdOx1
IV. As with the IM heterologous prime boost groups, there is a negative correlation
between Reps1-specific response on day 21 and tumor volume on day 24 (Figure 4.2E, r =
-0.44, p = 0.0061). Similar to the IM groups, the expression of PD-1 on Reps1-specific
cells across vaccination groups is comparable, except for the empty SNP followed by
Reps1 ChAdOx1 group, which has higher expression compared to all other groups (Figure
4.2F).

The IV heterologous prime boost group elicited a much higher magnitude of
polyfunctional cells as compared to all control groups (Figure 4.2H). As opposed to the
IM heterologous prime boost group, the IV heterologous prime boost group also had a
higher frequency of polyfunctional cells as compared to the IV SNP given twice (p <
0.0001). When correlated with tumor volume on day 24, the frequency of polyfunctional
cells did not have an improved correlation (Figure 4.21, r = -0.4216, p <0.0001) as
compared to the tetramer correlation, which is different to what was seen with the IM
heterologous prime boost groups.

The expression of Tim-3 was assessed in order to determine if the cells were more
exhausted following IV ChAdOx1 boost. As with the expression of PD-1 on the Reps1-
tetramer specific cells, there were very few differences in expression of Tim-3 (Figure
4.1]), and these were mostly with the empty SNP followed by Reps1 ChAdOx1 group.

Together, these data indicate that magnitude of the antigen-specific response is the

only consistent correlate with tumor regression, but is by no means definitive.
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Polyfunctionality can be used as a surrogate to predict response to a similar degree. The
quality of antigen-specific CD8 T cells in the blood does not appear to vary much

regardless of the vaccination strategy used.

4.3.3 There are limited phenotypic differences in Reps1-specific CD8 T cell responses
elicited by different vaccination strategies in the spleen and tumor

The heterologous prime boost groups (both IV and IM) exhibited equivalent tumor
growth suppression (Figure 4.3B) and survival (Figure 4.3C) as compared to the positive
control (SNP IV given twice). However, the heterologous prime boost groups both elicited
higher magnitude Repsl1 specific CD8 T cell responses than SNP IV given twice (Figure
43D, 1V —p <0.0001, IM — p = 0.0217). In addition, the I'V heterologous prime boost
group elicited a higher magnitude response than the IM heterologous prime boost group (p
=0.0027). Given the differences in the magnitude of the antigen-specific response and the
established correlation between magnitude and tumor regression, it is surprising that all
three groups perform equivalently in terms of tumor regression and survival. In addition,
in figures 4.1 and 4.2, the quality was assessed and there were no differences between the
heterologous prime boost groups (IM or IV) and SNP IV given twice. Therefore, it seemed
plausible that though there were few differences in the blood CD8 T cell response, there
might be detectable differences in the spleen or tumor which may explain the similar
levels of protection seen across the three treatment groups.

To probe the magnitude and quality of the T cell response in tissues in the
therapeutic setting, mice were inoculated with tumor and treated with vaccinations and
checkpoint inhibitor as shown in figure 4.4A. This was done only with the groups that had

exhibited protection, and the hypothesis was that the IV heterologous prime boost group
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Figure 4.3 There is no difference in tumor regression between heterologous prime boost groups
and IV SNP given twice despite dramatically different magnitudes of Repsl-specific CD8 T cell
responses in the blood

(A) Therapeutic study treatment and sampling schedule, legend for all figure panels. (B) Tumor
growth curves plotted as mean + SEM. (C) Survival curves for all groups, compiled from 3 studies.
(D) Immunogenicity at day 21 measured by tetramer staining PBMCs using a Reps1-specific
tetramer Stats: (B) Two way ANOVA with Bonferroni correction for multiple comparisons. P <
0.0001 for all groups compared to untreated, no difference between vaccinated groups (C) Mantel-
Cox Log-rank test, P < 0.0001 for all groups compared to untreated, no difference between
vaccinated groups (D) Data represented as mean + standard deviation, Kruskal-Wallis test with
Dunn'’s correction for multiple comparisons. Data representative of three independent experiments.

would elicit a higher frequency of more exhausted or less functional cells as compared to
the other two groups in the tissue. In the spleen, the IV heterologous prime boost elicited a
higher magnitude of Reps1-specific CD8 T cells both as a frequency of total CD8 T cells
and in terms of absolute count (Figure 4.4B-C). There was no difference in frequency of
absolute count of Reps1-specific CD8 T cells between the IM heterologous prime boost
group and the IV SNP given twice.

The spleen is one of the reservoirs of the stem-like population of antigen-specific
CDS8 T cells following infection/vaccination [46]. The stem-like population is defined by

co-expression of TCF1 and PD-1, and is the population that responds to checkpoint
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Figure 4.4 IV heterologous prime boost elicits a higher magnitude Reps1-specific CD8 T cell
response in the spleen as compared to other vaccine groups.

(A) Therapeutic study treatment and sampling schedule, legend for all figure panels. (B) Frequency
of Repsl1-specific CD8 T cells in the spleen (C) Absolute number of Reps1-specific CD8 T cells in
the spleen for each mouse, calculated by plating a fixed fraction of the spleen for each sample and
multiplying by the reciprocal (D) Stacked bar graph of proportion of Repsl1-tetramer specific cells in
each group that fall into each of the subsets described in the legend. TCF1+PD-1+ subset is also
known as the stem-like cells. (E) Absolute number of stem-like cells in the spleen in each of the
vaccinated groups. (F) MFI of PD-1 on Repsl-tetramer positive cells in spleen. (G) MFI of Tim-3 on
Repsl-tetramer positive cells in spleen Stats: (B, C, E, F, G) Data represented as mean + standard
deviation, Kruskal-Wallis test with Dunn’s correction for multiple comparisons. (D) 2-way ANOVA
with Bonferroni correction for multiple comparisons, no statistically significant differences. Data
representative of three independent experiments.

inhibitor [47]. An increased frequency of TCF-1+ CDS8 T cells in the tumor is associated
with improved prognosis in cancer immunotherapy [200]. There was no difference in the
frequency of stem-like cells between the three different vaccination groups (Figure 4.4D).

However, if calculating the absolute numbers of stem-like cells (Figure 4.4E), it is clear
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that the I'V heterologous prime boost group has more stem-like cells than the IM
heterologous prime boost group (p = 0.0002) and IV SNP given twice (p < 0.0001).

The expression of PD-1 and Tim-3 was also assessed on the Reps1-specific CD8 T
cells. There was no difference in the PD-1 expression (Figure 4.4F), but there was a
slightly higher expression of Tim-3 associated with the IV heterologous prime boost group
as compared to IV SNP given twice (Figure 4.4G, p = 0.0334). Given the variability of the
expression of Tim-3, it seems unlikely that this is as meaningful as the increased number
of stem-like cells in the spleen. Given the understanding of factors that affect anti-tumor
efficacy, these data would suggest that the IV heterologous prime boost group should
outperform both of the other two vaccination strategies, and yet it does not.

In the tumor, IV heterologous prime boost is associated with an increase in the
number of Reps1-specific CD8 T cells per mg of tumor (Figure 4.5B) as compared to [V
SNP given twice (p = 0.0415) but not more cells than IM heterologous prime boost (p =
0.0785). There is no statistically significant difference in the number of Reps1-specific
CDS8 T cells between the IM heterologous prime boost group and IV SNP given twice
(Figure 4.5B, p > 0.9999) despite the higher magnitude in the blood (Figure 4.3D). All
vaccinated groups have a higher number of Reps1-specific CD8 T cells in the tumor
compared to the naive group, which represents the infiltration based on endogenous
priming from tumor released antigen.

There is no difference in the expression of PD-1 on the Reps1-specific CD8 T cells
across the three vaccine groups (Figure 4.5C). There is a slight difference in Tim-3
expression in the tumor (Figure 4.5D), however as opposed to the spleen, the IV
heterologous prime boost group now exhibits the lowest expression (on average), though
it’s only significant when compared to the IM heterologous prime boost group (p =

0.0110).
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Figure 4.5 IV heterologous prime boost is associated with increased CD8 T cell infiltration and
reduction in number of Tregs in the tumor

(A) Therapeutic study treatment and sampling schedule, legend for all figure panels. (B) Number of
Repsl-specific CD8 T cells per mg of tumor calculated by plating a fixed fraction of tumor
suspension for flow cytometry staining and reverse calculating from the count on the cytometer. (C)
MFI of PD-1 on Repsl-tetramer positive cells in the tumor. (D) MFI of Tim-3 on Reps1-tetramer
positive cells in tumor. (E) MFI of CD39 on Reps]-tetramer positive cells in tumor. (F) Stacked bar
graph of proportion of RepsI-tetramer specific cells in each group that fall into each of the subsets
described in the legend. The TCF1+PD-1+ subset are also known as stem-like cells. (G) Number of
Tregs per mg of tumor calculated as in A (H) Ratio of total CDS8 T cells to Tregs in the tumor (I)
Ratio of Repsl-tetramer specific CD8 T cells to Tregs Stats: (B, C, D, E, G, H, I) Data represented
as mean + standard deviation, Kruskal-Wallis test with Dunn’s correction for multiple comparisons.
(F) 2-way ANOVA with Bonferroni correction for multiple comparisons, (B-F) data representative
of three independent experiments panel, (G-I) data representative of two independent experiments
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The expression of CD39 is associated with antigen experience, and when highly
upregulated further associated with a more exhausted state [201]. The IV heterologous
prime boost group exhibits lower expression of CD39 (Figure 4.5E) as compared to the
IM heterologous prime boost group (p = 0.0208) and IV SNP given twice (p = 0.0082). In
addition, the frequency of stem-like cells is also higher in the IV heterologous prime boost
group (Figure 4.5F) as compared to the IM heterologous prime boost group (p = 0.0066)
and the IV SNP given twice group (p = 0.0060). Given that there is a higher number of
cells per mg of tumor in the IV heterologous prime boost group, the higher frequency
means that there is also a higher absolute number of stem-like cells in the tumor.
Collectively, the phenotypic data would suggest that the Reps1-specific CD8 T cell
response elicited by the IV heterologous prime boost group would outperform either of the
other two vaccine strategies.

In addition to characterizing the CD8 T cell response, it is useful to assess the
Tregs in the tumor. The IV heterologous prime boost group was the only group to exhibit
a decrease in the number of Tregs per mg of tumor as compared to the naive mice (Figure
4.5G, p=10.0310). A high ratio of CD8 T cells to Tregs has positive prognostic value in
ovarian cancer [202] and is likely associated with a more pro-inflammatory anti-tumor
immune response [203]. All of the vaccine groups significantly increased the ratio of CD8
T cells to Tregs in the tumor as compared to naive mice (Figure 4.5H). However, the IV
heterologous prime boost group resulted in the greatest increase of the CD8 T cell to Treg
ratio, and was significantly higher than the IM heterologous prime boost group (p =
0.0407) and the IV SNP given twice group (p = 0.0436). This trend is also seen when
looking at the ratio of Reps! tetramer-specific CD8 T cells to Tregs in the tumor (Figure

4.57).
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Altogether, the tissue data suggests that the IV heterologous prime boost group

should outperform both of the vaccination strategies. The observation that anti-tumor

control is equivalent between these groups suggests a T cell independent factor may be

limiting the efficacy.

4.3.4 Immunogenicity and tumor regression trends observed with Repsl1 are

replicated with the neoantigen Adpgk in the context of IV heterologous prime boost

In order to show that the trends observed with heterologous prime boost are not

antigen-specific, the same therapeutic experiments were repeated using another MC38

neoantigen known as Adpgk [168]. In previous studies in the Seder lab, Adpgk has proven

to be less protective than Repsl1, typically clearing 20-30% of tumors when given as [V

SNP twice.
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Figure 4.6 IM heterologous prime boost targeting Adpgk elicits modest MC38 tumor regression
(A) Therapeutic study treatment and sampling schedule, legend for all figure panels. (B) Tumor growth
curves plotted as mean + SEM. (C) Survival curves for all groups (D) Immunogenicity at day 21
measured by tetramer staining PBMCs using an Adpgk-specific tetramer. Stats: (B) Two way
ANOVA with Bonferroni correction for multiple comparisons. (C) Mantel-Cox Log-rank test (D)
Data represented as mean + standard deviation, Kruskal-Wallis test with Dunn’s correction for

multiple comparisons.
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As before, the IM heterologous prime boost vaccination strategy was tested in the
therapeutic setting (Figure 4.6A). The groups are identical to those in section 4.3.1. In
contrast to the result of the Reps1 study, the IM heterologous prime boost provided
modest tumor growth rate reduction (Figure 4.6B). Though there was a significant
decrease in the tumor volume at D23 between the IM heterologous prime boost mice and
naive mice (untreated — except for checkpoint inhibitor, p = 0.0371), none of the vaccine
group tumor growth curves appear to regress. The only group that did not have a
significant difference in tumor volume to the naive was the IM ChAdOx1 prime alone
group (p > 0.9999), which was consistent with the Reps1 study.

In terms of survival, all groups exhibited significant improvements in survival
compared to the naive group (Figure 4.6C), except for the IM ChAdOx1 prime alone
group (p = 0.1841). In contrast to the Reps1 study, the IM heterologous prime boost group
using Adpgk did not improve survival as compared to IM ChAdOx1 alone prime (p =
0.0534). In addition to the lackluster protection data when targeting Adpgk with IM
heterologous prime boost, there were no significant differences between most of the
vaccinated groups in terms of Adpgk-specific CD8 T cell response magnitude in the blood
at day 21. All groups had a higher magnitude response than the SNP followed by empty
ChAdOx1 IM group, except for the IM ChAdOx1 alone prime (Figure 4.6D).

Given the lack of significant differences between treatment groups when targeting
Adpgk, it would be difficult to tease apart any treatment specific differences in survival
and identify key factors mediating protection. For this reason, the IM heterologous prime
boost strategy was not further studied when targeting Adpgk.

In contrast to the limited protection with IM heterologous prime boost, the IV
heterologous prime boost groups displayed clear evidence of tumor regression and tumor

clearance when targeting Adpgk. As seen with Reps1, IV Adpgk ChAdOx1 prime alone
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did not reduce tumor growth (p >0.9999) or improve survival (p = 0.3512) as compared to
naive mice (Figures 4.7B-C). However, all other vaccinated groups exhibited some level
of reduced tumor growth and improved survival compared to naive. In addition, all
vaccinated groups had reduced tumor growth and improved survival as compared to the
IV ChAdOx1 prime alone group. The IV heterologous prime boost group also improved
survival as compared to the empty SNP followed by IV Adpgk ChAdOx1 (p = 0.0149),
but was equivalent to Adpgk SNP followed by IV empty ChAdOx1. This was the same
trend seen in the Reps1 IV heterologous prime boost study, and implies the requirements
of'a SNP prime that must provide antigen to prime a CD8 T cell response in order to see
protection. However, encoding the antigen in the virus may not be essential for protection.

The IV heterologous prime boost group elicited the highest magnitude Adpgk
tetramer-specific CD8 T cell response, and was significantly higher than all other groups
except for the IV ChAdOx1 alone group (Figure 4.7D). In contrast to the IM groups, the
IV SNP given twice did not elicit a higher magnitude CD8 T cell response than IV Adpgk
SNP followed by empty ChAdOx1 IV — which is the same trend as was seen with Repsl1.
This suggests that the IV empty ChAdOx1 may support the expansion of CD8 T cell
responses in an antigen-agnostic way, that is not seen with IM empty ChAdOx1. There is
a significant negative correlation between the magnitude of the Adpgk specific CD8 T cell
response at day 21 and tumor volume at day 24 (Figure 4.7E, r =-0.3813, p = 0.0139).

In addition to the similarity of the Adpgk magnitude trends to the data collected
from the Reps1 experiments, the phenotypic analysis of PD-1 and Tim-3 also reflect the
phenotypic analysis performed in the Repsl experiments. There is almost no difference in
the expression of PD-1 between the different vaccination groups (Figure 4.7F) nor any

difference in Tim-3 expression between most groups (Figure 4.7G). In both cases, it is the
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Figure 4.7 IV heterologous prime boost targeting Adpgk improves protection compared to IV
ChAdOx1 alone.

(A) Therapeutic study treatment and sampling schedule, legend for all figure panels. (B) Tumor growth
curves plotted as mean + SEM. (C) Survival curves for all groups, compiled from 2 studies. (D)
Immunogenicity at day 21 measured by tetramer staining PBMCs using a Adpgk-specific tetramer (E)
Correlation of Adpgk specific response at day 21 and tumor volume at day 25, plotted with line of best fit.
(F) MFI of PD-1 on Adpgk-tetramer positive cells in blood. (G) MFI of Tim-3 on Adpgk-tetramer positive
cells in blood. Stats: (B) Two way ANOVA with Bonferroni correction for multiple comparisons. (C)
Mantel-Cox Log-rank test (D, F, G) Data represented as mean + standard deviation, Kruskal-Wallis test
with Dunn’s correction for multiple comparisons. (E) Spearman’s Rank correlation. Data representative of
two independent experiments.
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empty SNP group followed by Adpgk ChAdOx1 that has slightly elevated expression of
both PD-1 and Tim-3.

Taken together, the data collected by targeting Adpgk to treat MC38 tumors
therapeutically is generally consistent with the observations made in the Repsl
experiments, particularly with the IV ChAdOx1 groups. The protection afforded by the
Adpgk SNP followed by empty ChAdOx1 group further supports the idea that there may
be an effect of using IV ChAdOx1 that is independent of its encoding the target antigen in
ChAdOxI1. Given that the heterologous prime boost group did not significantly outperform
the positive control or the Adpgk SNP followed by empty ChAdOx1 IV (as seen with
Repsl), it seemed unnecessary to investigate immunological differences in the tissue as

this would be unlikely to reveal any further differences not seen with Repsl1.

4.3.5 Heterologous prime boost does not provide any added therapeutic benefit in the
TC-1 lung cancer model as compared to ChAdOx1 or SNP alone.

To ensure that therapeutic efficacy was not an artefact of testing heterologous
prime boost in MC38, the same therapeutic studies were undertaken by using the TC-1
lung cancer model. Previous data has shown that eliciting CD8 T cell responses against
the immunodominant epitopes in E6 and E7 HPV proteins can promote tumor regression
in this model [186]. For this reason, both immunodominant epitopes were encoded into a
single ChAdOx1 vector and SNP vaccines.

Mice were implanted with TC-1 tumor cells in the flank and then vaccinated 7 and
14 days later to test IM heterologous prime boost (Figure 4.8A). Checkpoint inhibitor
(aPD-L1) was administered once weekly via intraperitoneal route starting at the time of
boost for a total of 3 treatments. All groups exhibited a reduction in tumor volume at day

22 compared to unvaccinated mice (Figure 4.8B, p < 0.0001 for all). In addition, all
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groups that received an E6/E7 SNP prime also had significantly reduced tumor volumes at
day 22 as compared to those mice that received empty SNP prime (p < 0.0001 for all).
There were no discernible differences in tumor growth between the groups that received
E6/E7 SNP prime over time, indicating that IV SNP, IM E6/E7 ChAdOx1 and IM empty
ChAdOxI1 boosts are all equivalent in terms of tumor control.

In addition, the empty SNP prime followed by E6/E7 ChAdOx1 boost group
exhibits a reduction in tumor growth after day 22, which coincides with the approximate
time when E6/E7-specific CD8 T cell responses would start to appear. This reduction
between days 22 — 30 is approximately a week delayed as compared to the mice that
received an E6/E7 SNP prime, further supporting that this reduction is likely due to newly
primed E6/E7 CD8 T cell responses. However, the protection is short-lived, likely due to
the tumors being much larger by the time an E6/E7 CD8 T cell response is primed in the
empty SNP followed by E6/E7 ChAdOx1.

The trends in tumor growth match entirely the trends seen in the survival curves
(Figure 4.8C). All groups had significantly improved survival as compared to the
untreated mice (p < 0.0001 for all). In addition, all groups also had significantly improved
survival when compared to the empty SNP followed by E6/E7 ChAdOx1. However, there
were no statistically significant differences in survival between the IM ChAdOx1 prime
alone, the heterologous prime boost group, the IV SNP given twice group or the IV SNP
followed by empty ChAdOx1 IM. This is similar to what was observed with the Adpgk
IM heterologous prime boost treatment. However, in stark contrast to the Adpgk IM
heterologous prime boost, there is significant tumor control in all of these groups.

To assess the E6 and E7 CD8 T cell response in these mice, blood was sampled at
day 21 and then split into two pools for a peptide restimulation assay with either E6 or E7.

The production of [IFNy was used to identify antigen-specific CD8 T cell responses. There
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Figure 4.8 IM heterologous prime boost elicits E6/E7 specific CD8 T cell responses and provides
comparable protection to IM ChAdOx1 alone.

(A) Therapeutic study treatment and sampling schedule, legend for all figure panels. (B) Tumor growth
curves plotted as mean + SEM. (C) Survival curves for all groups (D) Immunogenicity at day 21 measured
as IFNy production following peptide restimulation using E7 peptide encoded in SNP and ChAdOx1 (E)
Correlation of E7 specific response at day 21 and tumor volume at day 22, plotted with line of best fit. (F)
Immunogenicity at day 21 measured as IFNy production following peptide restimulation using E6 peptide
encoded in SNP and ChAdOx1 (G) Correlation of E6 specific response at day 21 and tumor volume at day
22, plotted with line of best fit. Stats: (B) Two way ANOVA with Bonferroni correction for multiple
comparisons. (C) Mantel-Cox Log-rank test (D, F) Data represented as mean + standard deviation,
Kruskal-Wallis test with Dunn’s correction for multiple comparisons. (E, G) Spearman’s Rank correlation.
Data representative of two independent experiments.
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was no difference in magnitude of the E7 response between the heterologous prime boost
group, the IM ChAdOx1 prime alone group and the IV SNP given twice (Figure 4.8D).
The heterologous prime boost group did have an increased magnitude of E7 specific CD8
T cells as compared to both the empty SNP followed by E6/E7 ChAdOx1 group (p =
0.0002) and the E6/E7 SNP followed by empty ChAdOx1 group (p = 0.0449). This
indicates that antigen is required in both vaccinations to achieve the highest magnitude
CDS8 T cell response. Correlating the E7 CD8 T cell response at day 21 with tumor volume
at day 22 reveals a strong negative correlation between magnitude of the E7 response and
tumor volume (Figure 4.8E, r =-0.6638, p < 0.0001). This negative correlation between
magnitude of the response and tumor volume is consistent with the trends in MC38 with
both Reps1 and Adpgk.
The E6 response was similarly characterized in these mice. In general, the E6

response is lower in magnitude than the E7, for example:

e IM ChAdOxl1 alone, E7 average = 10%, E6 average = 1%

e Heterologous prime boost, E7 average = 10%, E6 average = 4%

e IV SNP given twice, E7 average = 8%, E6 = 4%
Regardless of being lower in magnitude, the trends remain similar to E7. There is no
significant difference between the IM ChAdOx1 alone, the heterologous prime boost
group or the IV SNP given twice group (Figure 4.8F). The heterologous prime boost group
continues to elicit a higher magnitude response than the empty SNP followed by E6/E7
ChAdOx1 (p <0.0001). The negative correlation between the E6 response and tumor
volume (Figure 4.8G) is also significant (r = -0.7575, p < 0.0001).

Heterologous prime boost using E6/E7 ChAdOx1 IV was also tested, using the

same experimental plan as before (Figure 4.9A). One notable difference however, was the

exclusion of the empty SNP followed by IV E6/E7 ChAdOx1. This group was excluded
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Figure 4.9 IV heterologous prime boost elicits E6/E7 specific CD8 T cell responses and provides
comparable protection to IV ChAdOx1 alone.

(A) Therapeutic study treatment and sampling schedule, legend for all figure panels. (B) Tumor growth
curves plotted as mean + SEM. (C) Survival curves for all groups (D) Immunogenicity at day 21 measured
as IFNy production following peptide restimulation using E7 peptide encoded in SNP and ChAdOx1 (E)
Correlation of E7 specific response at day 21 and tumor volume at day 22, plotted with line of best fit. (F)
Immunogenicity at day 21 measured as IFNy production following peptide restimulation using E6 peptide
encoded in SNP and ChAdOx]1 (G) Correlation of E6 specific response at day 21 and tumor volume at day
22, plotted with line of best fit. Stats: (B) Two way ANOVA with Bonferroni correction for multiple
comparisons. (C) Mantel-Cox Log-rank test (D, F) Data represented as mean + standard deviation,
Kruskal-Wallis test with Dunn’s correction for multiple comparisons. (E, G) Spearman’s Rank correlation.
Data representative of one experiment.
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because at the time of boost vaccination, the IV heterologous prime boost group was
vaccinated first and it was noticed that 4 out of the 9 animals that received the IV E6/E7
ChAdOx1 died suddenly shortly after vaccination. The decision was made not to boost the
empty SNP primed mice with the IV E6/E7 ChAdOx1, given this sudden mortality. This
mortality was not seen with any other preparation of ChAdOx1, and may represent a batch
specific problem for this viral stock. However, the mice receiving the empty ChAdOx1 IV
had already been vaccinated and there were no sudden fatalities in that group. Something
about the IV E6/E7 ChAdOx1 boost was not well tolerated in these mice, and it is
specifically at the time of boost as the IV E6/E7 ChAdOx1 prime group also did not
experience any sudden mortalities. The data presented herein therefore relies on an IV
heterologous prime boost group with only 5 animals and is representative of a single
experiment. Despite these caveats, this data still provides some insights into heterologous
prime boost.

All vaccinated groups displayed reduced tumor growth as compared to the
untreated mice (Figure 4.9B, p < 0.0001 for all). There were no significant differences in
tumor growth between the different vaccinated groups. These trends are supported by the
survival curves (Figure 4.9C), where all groups improve survival compared to the
untreated (p < 0.0001), but there are no significant differences in survival between any of
the vaccinated groups.

The E7 response is of a similar magnitude between all vaccine groups (Figure
4.9D) except for between the IV heterologous prime boost group and the IV E6/E7 SNP
followed by IV empty ChAdOx1 (p = 0.0368). The lack of statistically significant
differences may be due to the low number of mice sampled in the IV heterologous prime
boost group, as the trend supports a higher magnitude in this group (average heterologous

prime boost E7 response = 33.1%, average IV ChAdOx1 prime alone E7 response =
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14.7%). The E7 response at day 21 is negatively correlated with tumor volume at day 22
(Figure 4.9E), however it is not significant (r = -0.2970, p = 0.0742). The lack of a
significant correlation could be due to the missing empty SNP followed by IV ChAdOx1
group data, as this would likely have been characterized by larger tumor volumes and
lower magnitude CDS8 T cell responses - as seen in the IM ChAdOx1 study.

Similarly, there were no differences in the magnitude of the E6 response between
the vaccine groups when using IV ChAdOx1 (Figure 4.9F). The E6 response at day 21 is
significantly negatively correlated with tumor volume at day 22 (Figure 4.9G, r =-0.3301,
p = 0.0460). Despite the unexpected loss of mice following IV E6/E7 ChAdOx1 boost, the
tumor growth and survival was increased in all vaccination groups and correlated with
magnitude of the E6 and E7 response. Further experiments would be required to
understand the factors underlying the fatalities observed in the IV heterologous prime

boost group.

4.3.6 IV heterologous prime boost slightly outperforms ChAdOx1 alone when
vaccinating against Trp1 to promote B16F10 tumor regression.

The B16F10 melanoma model is more aggressive than either the MC38 or TC-1
model. Like TC-1, the tumors do not respond to the use of checkpoint inhibitor alone but
require a CD8 T cell response to be primed by vaccination or the infusion of antigen-
specific CD8 T cells to mediate protection [204]. One of the vaccination targets is the self-
antigen Trp-1 [186]. As a more stringent model, it seemed ideal to attempt to separate the
different vaccine groups in terms of efficacy, as the heterologous prime boost groups have
thus far only performed as well as the positive control (IV SNP given twice).

Given the aggressiveness of the model, the treatment timeline is accelerated with

vaccination beginning 2 days after inoculation of the cells in the flank (Figure 4.10A).
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Checkpoint inhibitor starts at day 9, with the boost vaccination and is given once weekly
for a total of three doses. As this model is more aggressive, the goal of this study was to
determine if the IV heterologous prime boost vaccination strategy (predicted to give
highest magnitude Trp-1 response) provides sufficient protection to warrant further
investigation.

Compared to the untreated animals, all vaccine groups delayed tumor growth
significantly based on tumor volumes at day 19 (Figure 4.10B, p < 0.0001 for all). In
addition, all SNP primed groups delayed tumor growth significantly compared to the IV
ChAdOx1 prime alone group (SNP IV given twice — p = 0.0028, IV heterologous prime
boost — p = 0.0005, SNP prime followed by IV empty ChAdOx1 boost — p = 0.0373).
These trends are supported by the survival curve, where all vaccinated groups improved
protection compared to the untreated group (Figure 4.10C, p < 0.0001). Both the IV SNP
given twice and the IV heterologous prime boost group improved survival compared to the
IV ChAdOx1 alone group (p < 0.0001, p = 0.0022, respectively). As seen with Repsl,
Adpgk, and E6/E7, the IV heterologous prime boost group did not improve survival
relative to the IV SNP followed by IV empty ChAdOx1 group. Only one mouse in the
SNP IV given twice group cleared its tumor, all other mice in vaccinated groups only
exhibited a delay in tumor growth.

The magnitude of the Trp-1 response was measured by tetramer staining (Figure
4.10D). The IV heterologous prime boost group elicited the highest magnitude CD8 T cell
response against Trp-1 as compared to all other groups (IV ChAdOx1 prime —p = 0.0186,
IV SNP given twice — p = 0.0175, SNP followed by empty ChAdOx1 — p < 0.0001). There
was a significant negative correlation between magnitude of the Trp-1 specific CD8 T cell

response at day 16 and tumor volume at day 19 (Figure 4.10E, r =-0.4959, p = 0.0004).

124



Determining the efficacy of heterologous prime boosted CD8 T cell responses in the therapeutic setting

This negative correlation is consistent with the negative correlations seen between

antigen-specific CD8 T cell response and tumor volume in other models.
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Figure 4.10 IV heterologous prime boost targeting Trp1l improves survival with B16F10 compared
to IV ChAdOx1 alone.

(A) Therapeutic study treatment and sampling schedule, legend for all figure panels. (B) Tumor growth
curves plotted as mean + SEM. (C) Survival curves for all groups (D) Immunogenicity at day 16 measured
by tetramer staining PBMCs using a Trp1-specific tetramer (E) Correlation of Trp1 specific response at
day 21 and tumor volume at day 19, plotted with line of best fit. (F) MFI of PD-1 on Trp1-tetramer
positive cells in blood. (G) MFI of Tim-3 on Trpl-tetramer positive cells in blood. Stats: (B) Two way
ANOVA with Bonferroni correction for multiple comparisons. (C) Mantel-Cox Log-rank test (D, F, G)
Data represented as mean =+ standard deviation, Kruskal-Wallis test with Dunn’s correction for multiple
comparisons. (E) Spearman’s Rank correlation. Data representative of one experiment.
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The expression of PD-1 and Tim-3 on the Trp-1 specific CD8 T cells was also
assessed to determine if there were any different trends as compared to what had been
previously described for Reps1 and Adpgk specific CD8 T cell responses. The expression
of PD-1 was significantly increased in the IV SNP given twice group (Figure 4.10F) as
compared to either the IV heterologous prime boost group (p = 0.0407) and the IV SNP
followed by empty ChAdOx1 group (p < 0.0001). This is in contrast to the Reps1 and
Adpgk specific responses where there was no difference between these groups (Figures
4.2F, 4.7F). These modest differences in PD-1 expression do not appear to have any
bearing on protection against BI6F10. The expression of Tim-3 is similar between most of
the vaccinated groups (Figure 4.10G), the only differences are between the IV SNP
followed by empty ChAdOx1 group and either IV SNP given twice (p = 0.0264) or IV
ChAdOx1 prime alone (p = 0.0316).

Together these data are consistent with the trends observed with Reps1 and Adpgk
in the MC38 tumor model. The magnitude of the antigen-specific response is negatively
correlated with tumor volume and the phenotype of the antigen-specific cells is similar in
the blood one week post boost vaccination between the different vaccine groups. Despite
the high magnitude of Trp-1 specific CD8 T cells elicited by the IV heterologous prime
boost group, tumor growth and survival were not significantly better than IV SNP given
twice. For this reason, further studies testing IM heterologous prime boost or tissue level

immunological assessment was not undertaken as it was unlikely to yield new insights.
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4.4 Conclusions and discussion
4.4.1 IM heterologous prime boost

Heterologous prime boost using IM ChAdOx1 improved tumor control against
MC38 (with both Reps1 and Adpgk) and against TC-1 as compared to untreated mice.
However, IM heterologous prime boost only improved survival compared to IM
ChAdOxI1 alone when targeting Reps1. When vaccinating against Reps1, IM heterologous
prime boost elicited higher magnitude CDS8 T cell responses than IM ChAdOx1 alone.
This was not the case with Adpgk, E6 or E7 and may underpin the lack of improved
protection in the heterologous prime boost group as compared to the IM ChAdOx1 alone.
In all cases, there was a negative correlation between tumor size and antigen-specific CDS8
T cell response. The limitation on therapeutic efficacy was therefore likely due to the the
lack of significant boosting of SNP primed responses following IM ChAdOx1 boost. The
extent to which this inefficient boosting effect would translate to higher mammals is

unknown, but may be a reason to favor IV ChAdOx1 vaccination.

4.4.2 TV heterologous prime boost

Heterologous prime boost using IV ChAdOx1 improved both tumor regression and
survival compared to untreated mice across MC38, TC-1 and B16F10 for all antigens
tested. In addition, the IV heterologous prime boost group outperformed the IV ChAdOx1
prime alone group in both MC38 and B16F10. The lack of improvement in TC-1 may be
due to the sudden unexplained mortality in the IV E6/E7 ChAdOx1 boosted group, which
reduced the number of subjects and prevented further studies from being performed,
though it is notable that the trend towards better protection is present in both the tumor

growth curves and survival.
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The highest magnitude response was elicited by the IV heterologous prime boost
group, though in the case of Adpgk, E6 and E7, this was not statistically different than the
IV ChAdOx1 alone group. Regardless, tumor volume was negatively correlated with
magnitude of the antigen-specific response. There were limited differences in the
expression of co-inhibitory receptors PD-1 and Tim-3 on the surface of antigen-specific-
CDS8 T cells for Reps1, Adpgk and Trp1. This suggests that the quality of antigen-specific
CDS8 T cells in the blood elicited by the different vaccine conditions has limited effects on
the quality of the response.

One interesting observation in the IV ChAdOx]1 studies is that the antigen-specific
SNP followed by the empty ChAdOx1 IV provided equivalent protection to the
heterologous prime boost group across all tumor models, despite exhibiting a much lower
frequency of antigen-specific CD8 T cells. In contrast, the IV heterologous prime boost
group was better than the empty SNP followed by I'V antigen-ChAdOx1 for both Reps1
and Adpgk. Together, these two trends suggest that priming the CD8 T cell response with
SNP is essential, but encoding the antigen in ChAdOx1 for boosting may not be. There
may be a beneficial effect of simply providing empty ChAdOx1 1V, as this effect is not

seen with empty ChAdOx1 IM.

4.4.3 CD8 T cell response in spleen and tumor

Both the IV and IM heterologous prime boost groups displayed equivalent
protection to the SNP IV given twice, despite having dramatically different magnitudes of
antigen-specific CD8 T cell responses in the blood. Assessing the Reps1-specific response
in the spleen revealed that the IV heterologous prime boost group continued to have an

increase magnitude of Reps1-specific CD8 T cells, and this translated into a greater
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absolute number of stem-like cells. There were limited phenotypic differences between
these cells based on PD-1 and Tim-3 expression, suggesting similar quality of responses.

In the tumor, the IV heterologous prime boost group also elicited the greatest
number of Reps1-specific CD8 T cells, and the phenotype was similar based on PD-1 and
Tim-3. The expression of CD39 on IV heterologous prime boosted cells was markedly
decreased compared to both other vaccine groups, though what exact functional
significance this may have is unclear. As in the spleen, there was a higher frequency of
stem-like cells in the tumor in the IV heterologous prime boost group.

Interestingly, there were fewer Tregs observed in the tumor following IV
heterologous prime boost as compared to untreated mouse tumors. The ratio of CD8 T
cells to Tregs was also highest in the IV heterologous prime boost group, though it was
significantly elevated in both other vaccine groups as compared to untreated mice. This
may indicate a vaccine-dependent promotion of CD8 T cell infiltration, which is not
entirely made up of vaccine elicited cells, as the ratio of Reps1-tetramer positive cells to
Tregs is considerably lower than that of total CDS8s to Tregs. Together these data suggest
that the IV heterologous prime boost group should outperform both of the other vaccine

strategies. That this is not the case is currently not understood.

4.4.4 Limitations of studies

The immunological data presented in this chapter is all based on flow cytometry,
which is a biased manner of collecting data as markers are only added based on previous
understanding. It is possible that performing a single-cell RNA sequencing experiment on
the IV heterologous prime boost elicited CD8 T cells at the tumor site and comparing to

IV SNP given twice would reveal markers of dysfunctional T cells that might explain why
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these two groups provide equivalent protection despite the larger magnitude response
elicited by the IV heterologous prime boost strategy.

The rate of tumor growth in mouse tumor models is considerably faster than would
be expected in the clinic, and results in accelerated treatment schedules in these studies.
The effect of interval between prime and boost on tumor growth in these studies may be
important, but due to the nature of the models cannot be further explored. Additionally,
these studies focused exclusively on T cells but vaccination may be activating other

immune cells that might explain these observations.

4.4.5 Future directions

The heterologous prime boost groups by both routes provided good tumor control.
In particular, the IV ChAdOx1 heterologous prime boost also improved prognostic
markers associated with positive response in immunotherapy and dramatically boosted
antigen-specific CD8 T cell responses. Given these results, a non-human primate study
will be undertaken to determine if IV heterologous prime boost elicits higher magnitude
responses than IM heterologous prime boost or ChAdOx1 given alone by either route.
Previous work with SNP in NHP has demonstrated that it primes low magnitude CD8 T
cell responses when given subcutaneously (SC) [186]. For this reason, clinical
development of SNP as a vaccine may require a heterologous prime boost approach to
reach clinically relevant magnitudes of antigen-specific responses. If this boosting effect
translates to non-human primates, then perhaps a clinical trial will be undertaken.

Separately, the efficacy of the heterologous prime boost approach using IV empty
ChAdOxI1 suggests an effect of vaccination that is independent of encoding the antigen in
the vector. This could be due to activation of innate immunity and will be further

described and explained in chapter 5.
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Chapter 5

IV ChAdOx1 vaccination induced IFNX is required for

efficacy in the therapeutic setting
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5.1 Introduction

In Chapter 4, the ability of IV heterologous prime boost to mediate tumor
regression was established across multiple models with different classes of tumor antigens.
However, one interesting observation was that partial tumor regression was also observed
in the heterologous prime boost group when administering an empty ChAdOx1
intravenously. This did not boost CD8 T cell responses but did improve survival compared
to the untreated mice. This suggested a mechanism of action independent of the CD8 T
cell boosting that was hypothesized to be required for optimal protection.

One possibility is that [V vaccination results in systemic activation of antigen
presenting cells that may promote anti-tumor immunity. To probe this, it is important to
understand which signaling pathways IV ChAdOx1 activates, and how the kinetics of
activation compare to IV SNP for example — which is known to cause systemic activation
of APCs [188]. Based on the recently described importance of IFNa for ChAdOx1 vaccine
elicited CD8 T cell responses [205], and the known importance of IFNa for SNP vaccine
elicited CD8 T cell responses, the role of IFNa in the therapeutic setting was selected as

the primary avenue of investigation.

5.2 Chapter Aims
1. To characterize the kinetic of APC activation following IV vaccination
2. To determine the effects of vaccine elicited [IFNa on therapeutic efficacy
3. To determine the effects of IV vaccine induced IFNa on APCs in the tumor, spleen

and tumor-draining lymph node
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5.3 Results
5.3.1 IV ChAdOx1 boost is required for tumor regression in the therapeutic setting,
but does not need to encode the targeted antigen to enable this effect.

In order to determine that heterologous prime boost using the IV empty ChAdOx|1
was indeed improving survival in the therapeutic setting, it was necessary to compare this
to a SNP prime alone group. A therapeutic study (Figure 5.1A) was undertaken to test this.
As expected, the IV SNP prime alone group exhibited a modest reduction in tumor growth
as compared to untreated (Figure 5.1B). However, the heterologous prime boost groups
with IV ChAdOx1 (encoding Reps1 or empty) both exhibited far better tumor control than
the IV SNP prime alone group (p < 0.0001 for both, Figure 5.1B). These trends were
reflected in the survival curves, where the SNP prime alone fared no better than untreated
mice (Figure 5.1C). However, both the encoding and empty IV ChAdOx1 boosted groups
improved survival as compared to SNP prime alone (p < 0.0001, p = 0.0116, respectively).

The mice were bled at day 21, one week post boost vaccination to compare Reps1-
specific T cell responses between vaccinated groups. As expected, the heterologous prime
boost group with the IV Repsl-encoding ChAdOx1 elicited the highest magnitude CD8 T
cell response (Figure 5.1D), and was significantly greater than both the empty ChAdOx1
heterologous prime boost group (p = 0.0011) and SNP prime alone group (p = 0.0018).
There was no difference in the magnitude of the CD8 T cell response between the IV SNP
prime alone group and the empty ChAdOx1 heterologous prime boost group (p > 0.9999).
In addition, comparing the expression of PD-1 on the Reps1-specific CD8 T cells revealed
no significant differences between vaccine groups (Figure 5.1E).

These results suggest that the difference in tumor growth reduction and survival

between the IV empty ChAdOx1 heterologous prime boost group and the IV SNP prime
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alone group may not be based on the CD8 T cell response. Instead, this effect may be

mediated by the activation of innate immunity by systemic administration of ChAdOxI1.
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Figure 5.1 Empty ChAdOx1 boost improves tumor regression compared to SNP prime alone.

(A) Therapeutic study treatment and sampling schedule, legend for all figure panels. (B) Tumor growth
curves plotted as mean = SEM. (C) Survival curves for all groups, compiled from 3 studies. (D)
Immunogenicity at day 21 measured by tetramer staining PBMCs using a Reps1-specific tetramer. (E)
MEFT of PD-1 on Repsl-tetramer positive cells in blood. Stats: (B) Two way ANOVA with Bonferroni
correction for multiple comparisons, p-value compared to SNP prime alone. (C) Mantel-Cox Log-rank
test, p-value compared to SNP prime alone (D,E) Data represented as mean + standard deviation,
Kruskal-Wallis test with Dunn’s correction for multiple comparisons.

5.3.2 Priming CD8 T cell responses with ChAdOx1 is dependent on Sting and IFNa

Other groups have recently published on the requirement for pDC production of
IFNa to prime CDS8 T cell responses following ChAdOx1 vaccination [205]. IV
administration of SNP is also known to elicit a strong type I IFN response, which is
required for eliciting a CD8 T cell response [188]. Given that both vaccinations converge
on IFNa, the production of IFNa following IV vaccination with SNP or ChAdOx1 was
assessed in mice over a three-day period. Mice were vaccinated intravenously either 72
hours, 24 hours or 6 hours prior to bleeding for serum collection (Figure 5.2A). The
standard therapeutic dose for each vaccine was used.

Both vaccines elicited transient production of [FNa, which peaked at 6 hours and

was undetectable by 3 days (Figure 5.2B). The IV ChAdOxI1 elicited a higher amount of
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IFNa at peak (p < 0.0001), and interestingly still had detectable levels of [IFNa 24 hours
after vaccination, whereas the SNP elicited IFNa was undetectable by 24 hours (p <
0.0001). The production of CXCL-10 (IP-10) can also be assessed by ELISA. Increased
levels of CXCL-10 are the result of functional IFNa signaling [206]. As expected, the
levels of CXCL-10 followed the trends of the I[FNa (Figure 5.2C). IV ChAdOxI1 elicited a
higher amount of CXCL-10 at peak (p = 0.0156) and 24 hours (p = 0.0388) as compared
to IV SNP, with undetectable levels at 72 hours.

In addition to IFNa, SNP is also known to elicit IL-12, which skews T cells
towards a Thl type response and may be beneficial in the context of anti-tumor immunity
[188]. For comparison, the production of IL-12 following IV ChAdOx]1 vaccination was
tested. IV ChAdOx1 elicited very little IL-12, as based on the IL-12p40 ELISA and
followed the same kinetic as the [FNa and CXCL-10 (Figure 5.2D).

To follow up on the cytokine data, wild-type (WT) mice and [FNa receptor
(IFNar) knock-out (KOs) mice were vaccinated with IV ChAdOx1 to determine if [FNa
produced by vaccination was required for CD8 T cell response priming (Figure 5.2E). IL-
12 KOs were also vaccinated, despite the low IL-12 production to determine if this had
any effect on CD8 T cell response magnitude. Mice were bled 14 days after vaccination to
assess T cell responses in the blood. The IL-12 KO did not display any loss in magnitude
of CD8 T cell response as compared to the WT mice. However, the [FNar KO mice failed
to prime a response following vaccination as they had responses similar to naive mice (p =

0.8439). This finding was consistent with works published earlier in 2021 [188].
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Figure 5.2 Priming CD8 T cell responses with ChAdOx1 is dependent on Sting and IFNa, but not
IL-12.(A) Groups of mice were vaccinated in a staggered fashion with IV ChAdOx1 or IV SNP either
72, 24 or 6 hours prior to bleeding. (B-D) Cytokine production 6, 24, and 72 hours after [V vaccination
(B) IFNa (C) IP-10 (D) IL-12p40. (E) Immunogenicity 14 days post IV ChAdOx1 vaccination of wild-
type, IL-12 KO and IFNar KO mice - measured by tetramer staining PBMCs. (F) Immunogenicity 14
days post IV ChAdOx1 vaccination of wild-type and Sting KO mice - measured by tetramer staining
PBMC:s. Stats: (B-F) Data represented as mean + standard deviation, Kruskal-Wallis test with Dunn’s
correction for multiple comparisons.

Quinn and colleagues published on the requirement of functional Sting signaling
to prime CD8 T cell responses following vaccination with species E adenoviruses [207].
ChAdOxI1 is also a species E adenovirus, but the requirement of Sting signaling is
unknown. To test the requirement of Sting for ChAdOx1 CD8 T cell priming, Sting KO
were vaccinated and bled 14 days later to assess T cell responses in the blood. Similar to

the IFNa KOs, the Sting KOs failed to prime a CD8 T cell response that was greater than
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naive mice (Figure 5.2F, p = 0.7241). Collectively, the data suggests that ChAdOx]1
activates Sting dependent IFNa production, which is required for priming CD8 T cell

responses.

5.3.3 IV ChAdOx1 vaccination causes transient activation of DCs in the spleen,
similar to IV SNP
The transient production of [FNa suggests that IV vaccination with ChAdOx1 or
SNP likely causes transient activation of APCs systemically. Mice were vaccinated as
before (Figure 5.3A), and were sacrificed to collect spleens from the mice. Spleens were
processed into single cell suspensions and stained with a flow cytometry panel to assess
activation of DCs. The expression of co-stimulatory molecules CD80 and CD86 are used
as markers of activation on DC subsets [75]. In addition, the expression of CCR7 was used
as a marker for maturation, which is upregulated on activated DCs that are homing
towards secondary lymph nodes [57]. In the spleen, 4 distinct DC subsets were assessed:
e Conventional DCls (cDC1) — cross-presenting antigen to activate CD8 T cells
e ¢DC2s — activation of CD4 responses, may promotes Th1, Th2 or Th17 responses
[51]
e Monocyte derived DCs (moDCs) — induced by inflammation to support (and take
on functions) of DCs pertaining to activating CD8 T cell responses [49].
e Plasmacytoid DCs (pDCs) — rapid production of IFNa and initiation of anti-viral
immune responses [52].
Across all DC subsets, [V ChAdOx1 elicited a higher expression of both CD80
and CD86 at 24 hours post vaccination (Figures 5.3B/C, p < 0.0001 for all). There was no
significant difference between these vaccinations 6 hours post vaccination, thereby

suggesting that though cytokines peak ~6 hours post vaccination (Figure 5.2B), activation
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Figure 5.3 IV ChAdOx1 causes transient activation of DCs and requires cDCls to elicit high
magnitude CD8 T cell responses.

(A) Groups of mice were vaccinated in a staggered fashion with IV ChAdOx1 or IV SNP either 72, 24
or 6 hours prior to sacrificing mice to collect spleens. (B-D) Expression of different activation and
maturation markers on DC subsets following IV vaccination (B) CD80 (C) CD86 (D) CCR7. (E)
Immunogenicity 14 days post IV ChAdOx1 vaccination of wild-type and Batf3 KO mice - measured
by tetramer staining PBMCs. (B-E) Data represented as mean =+ standard deviation, Kruskal-Wallis
test with Dunn’s correction for multiple comparisons.
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of DC subsets peaks later. As with the cytokines, activation of DC subsets was decreased
to baseline levels (indicated by unvaccinated DC marker expression) by 72 hours. The
trends of CCR7 expression are similar to CD80 and CD86 except for the cDC1s where IV
SNP vaccination elicits a greater expression as compared to [V ChAdOx1 (Figure 5.3D, P
<0.0001).

Interestingly, the expression CD80/CD86 on pDCs was only seen to peak in the IV
ChAdOx1 groups (Figures 5.3B/C). At 6 hours post vaccination, the IV SNP group pDCs
have the highest expression of CD80, CD86, and CCR7. This suggests that IV SNP likely
activates pDCs more rapidly that ChAdOx1 (< 6 hours).

The role of pDCs in priming CD8 T cell responses following ChAdOx]1
vaccination has been studied, however the role of cDC1s has not. Batf3 KO mice are
readily available to determine whether cDCls play a role in the priming of ChAdOx1
elicited CD8 T cell responses. Vaccination and CD8 T cell response assessment were
carried out as in previous KO experiments. Batf3 KOs (average tetramer response = 6%)
were found to have a ~3.5-fold lower magnitude CDS8 T cell response as compared to WT
mice (Figure 5.3E) average tetramer response = 21%, p = 0.0384). This suggests that
cDCls are not required for priming CDS8 T cell responses, but are required to achieve high
magnitude responses, and therefore may play a critical role in eliciting high magnitude

anti-tumor CD8 T cell responses.

5.3.4 Tumor regression and survival in the therapeutic setting is dependent on IFNa
signaling

Given the necessity of functional IFNa signaling for priming CD8 T cell responses
following SNP and ChAdOx]1 vaccination, and the known effects of type I [FNs on

antigen presenting cells to promote CD8 T cell immunity, it seemed likely that [FNa
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elicited by vaccination may be promoting tumor regression in the therapeutic setting. To
assess this, a therapeutic experiment was undertaken to test the effect of blocking [FNa
signaling at the time of boost vaccination (Figure 5.4A). One day before and after
vaccination, mice were given a saturating dose of IFNa receptor blocking antibody. The
only tested vaccination groups were heterologous prime boost using the Reps1-encoding
ChAdOx1 and the IV SNP given twice group. By comparing between the blocked and
unblocked groups, a role for IFNa could be established.

The blockade of the IFNa receptor was associated with a loss of tumor growth
control in both the IV Reps1-ChAdOx1 boosted group and the IV SNP boosted group
relative to the same vaccination strategy without blockade (Figure 5.4B, p <0.0001, p =
0.0038, respectively). This trend is reflected by the survival curves. The IFNa receptor
blocked heterologous prime boost group displayed survival equivalent to the untreated
group (p > 0.9999), and thus represents a total loss of protection as compared to the
unblocked heterologous prime boost group (Figure 5.4C, p <0.0001). In the IV SNP given
twice group, blockade significantly affected survival and was not as good as the unblocked
IV SNP given twice (p = 0.0012). However, even with IFNa receptor blockade the IV
SNP given twice group had significantly improved survival as compared to the untreated
group (p = 0.0119), suggesting that [V SNP given twice is not as reliant on functional
IFNa signaling as the IV ChAdOx1 heterologous prime boost group.

It was important to assess the production of cytokines following vaccination in the
blocked and unblocked groups to determine if the IFNa receptor blocking antibody had
successfully inhibited IFNa signaling. Mice were bled 6 hours after the vaccination, which
had been previously identified as the peak time post vaccination for IFNa in the serum
(Figure 5.2B). The amount of IFNa present in the serum was significantly reduced in the

IFNa receptor blocked groups for both vaccination strategies as compared to unblocked
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Figure 5.4 Tumor regression and survival in the therapeutic setting is dependent on IFNa signaling.
(A) Therapeutic study treatment and sampling schedule, legend for all figure panels. (B) Tumor growth
curves plotted as mean + SEM. (C) Survival curves for all groups, compiled from 2 studies. (D-G) Cytokine
production 6 hours post boost vaccination in serum (D) IFNa (E) CXCL-10 (F) CXCL-9 (G) IFNy. Stats:
(B) Two way ANOVA with Bonferroni correction for multiple comparisons, p-values compared to
untreated. (C) Mantel-Cox Log-rank test. (D-G) Data represented as mean =+ standard deviation, Mann-
Whitney test.

(Figure 5.4D, p = 0.0079 for both). However, there was still some [FNa production in the
blocked groups as compared to the untreated animals. This likely represents IFNa induced
directly by the vaccines that is not capable of inducing production of further [FNa through
positive feedback given the presence of the blocking antibody.

The use of a Luminex kit provided further information about multiple cytokines
post vaccination. CXCL-9 and CXCL-10 were both significantly reduced in the blocked
groups compared to the unblocked groups (Figure 5.4E/F, p = 0.0079 for both). Given that
CXCL-10 is upregulated by IFNa, the lack of upregulation in the blocked groups implies a

functional block of IFNa signaling by the blocking antibody. These chemokines are
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associated with CD8 T cell infiltration into the tumor and are positive prognostic markers
for outcome in tumor immunotherapy [62]. In addition, the presence of IFNy in the serum
is significantly increased in the unblocked groups as compared to the blocked groups for

both vaccination strategies (Figure 5.4G, p = 0.0079 for both).

5.3.5 IFNa blockade does not affect magnitude of the antigen-specific CD8 T cell
response post IV ChAdOx1 boost, but eliminates correlation between magnitude and
tumor regression.

In addition to assessing the effect of IFNa blockade on systemic cytokine
production, it was important to characterize the effects of this intervention on the Reps1-
specific CD8 T cell response elicited by these vaccination strategies. To do this, mice were
bled 7 days post boost and PBMCs stained with Reps1-tetramer or stimulated with peptide
to assess cytokine production (Figure 5.5A). By tetramer staining, there was no difference
in magnitude between the IFNa-receptor blocked and unblocked heterologous prime boost
groups (Figure 5.5B, p = 0.2675). This was surprising given the requirement of IFNa for
priming CD8 T cell responses following ChAdOx1 prime (Figure 5.2E). By comparison,
the IV SNP given twice group with IFNa receptor blockade elicited significantly lower
magnitude Reps1-specific CD8 T cell responses as compared to the unblocked group
(Figure 5.5B, p = 0.0431).

As expected, the magnitude of the Reps1-specific CD8 T cell response at day 21
negatively correlated with tumor volume at day 24 (Figure 5.5C, r =-0.6952, p < 0.0001).
In contrast, [FNa blockade completely negated any correlation between magnitude and
tumor volume (Figure 5.5D, r = -0.0454, p = 0.8184). Together, these data indicate that in
the absence of IFNa signaling, the CD8 T cell response may be unable to mediate anti-

tumor functions.

142



IV ChAdOx1 vaccination induced IFNa is required for efficacy in the therapeutic setting

A - Prime  Boost  alFNar
V ' ﬁ IV Vaccination SNP ChAdOx1
C‘ ey , . & Bleed @SNP  ChAdOX1  +
C57BL/6 0 7 14 21 28 35 ® Tumor challenge (1x10° cells) @ sNP SNP
Anti-PD-L1 (200ug) ® SNP SNP +
\ / Anti-IFNar (500u9) o — —
B Reps1 Specific CD8 Response C Correlation: Tet response D21 D Correlation: Tet response D21
D21 vs tumor volume D24 vs tumor volume D24
00y 227 21500 % 2000
1 I P =0.0431 e =] ° € ] r=-00454 o
@ - 3 o £ P=08184
Q 10 H < < 1500 °
o N 1000 o N ¢ o
~ o - o o o ©
; ° ° e [=-06952 ° ° .‘
T 1 e 2 P <0.0001 210004 o o e
= ? = =
X © ?>> 500 . ° ° N
RE" I O I I O~ s B .
1S ° £ ®o °
0.01 2 0— “ 2 0—
0.01 01 1 10 100 0.01 0.1 1 10 100
Tet+/CD8 D21 Tet+/CD8 D21
E PD-1 MFl on Reps1 Tet+ F Eomes MFlon Reps1 Tet+ G Frequency of IFNg+ TNFa+
5000— P < 0.0001 8004, _ 100
& o £ Pz 0'0027 § P =0.1903
i P =0.1078
= * p>09999 'z 600+ P =0.7244 > 13 .
2 '—‘ 2 ° L [] °
L 2500~ o o @° L 400 £ 1 R
Y I 3 5 s
- z °
£ | | £ 200 m o %] |2 it [ O A O A O Rl O
(] X °
0 0 0.01

H Tim-3 MFI on IFNy+ CD8s

+ 40095 = 09830
+ = 0.95;
Z o P=0.0980
= 3004 f15 i .
[e) [
g 200 :
[32]
2 100~
'—

0

Figure 5.5 IFNa blockade does not affect magnitude of CD8 T cell responses following
heterologous prime boost and minimally affects phenotype.

(A) Therapeutic study treatment and sampling schedule, legend for all figure panels. (B)
Immunogenicity at day 21 measured by tetramer staining PBMCs using a Reps1-specific tetramer. (C-D)
Correlation of Reps| specific response at day 21 and tumor volume at day 24 plotted with line of best fit.
(C) Groups without IFNa receptor blockade (D) Groups with IFNa receptor blockade. (E) MFI of PD-1
on Repsl-tetramer positive cells in blood. (F) MFI of Eomes on Reps1-tetramer positive cells in blood.
(G) Frequency of IFNy and TNFa co-producers following peptide restimulation detected by flow
cytometry. (H) MFI of Tim-3 on IFNy producing cells in blood. Stats: (B, E-H) Data represented as
mean + standard deviation, Mann-Whitney test. (C-D) Spearman’s rank correlation.
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The phenotype of the T cell responses was assessed by measuring the expression
of PD-1 and Eomes on the Reps1-specific CD8 T cells. Interestingly, IFNa blockade was
associated with an increase in the expression of PD-1 and Eomes in the heterologous
prime boost group compared to without blockade (Figure 5.5E/F, p <0.0001, p = 0.0007,
respectively), whereas there was no difference in PD-1 and Eomes expression in the IV
SNP given twice groups.

Increased expression of PD-1 and Eomes had previously been associated with a
decrease in polyfunctionality (Chapter 3), so the co-production of IFNy and TNFa was
assessed by peptide restimulation. There was no difference in the frequency of
polyfunctional cells between the IV heterologous prime boost groups with or without
IFNa receptor blockade (Figure 5.5G, p = 0.1903) and the same was true for the [V SNP
given twice groups (p = 0.1078). The expression of Tim-3 was assessed on the [IFNy
producing cells to determine if these were perhaps more exhausted, as might be suggested
by the increased PD-1 expression in the IFNa receptor blocked group. This was not the
case for either IV heterologous prime boost groups (Figure 5.5H, p = 0.9830) or IV SNP

given twice groups (p = 0.0980).

5.3.6 IFNa blockade is associated with a loss of activation of cDCl1s in the spleen,
tumor, and tumor draining lymph node.

The importance of cDCl1s for CD8 T cell priming, and the time to reach peak
activation of DCs following IV ChAdOx1 vaccination was established in figure 5.3. A
therapeutic study was undertaken to assess the effects on the DC subsets, in particular
cDCls, of IV vaccination in the presence of IFNa receptor blockade (Figure 5.6A). Mice
were sacrificed 24 hours after vaccination to collect spleens, tumors and tumor draining

lymph nodes (td-LNs). The expression of co-stimulatory molecules CD80 and CD86, and
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maturation marker CCR7 were assessed as before. The expression of CD40 was also
assessed due to its role in DC maturation to promote Thl T cell responses [64]. In
addition, Tim-3 is expressed by cDCls at steady state and is down-regulated upon
activation. Tim-3 blockade is associated with an increase in CXCL-9 production and
improved anti-tumor efficacy [208]. Therefore the expression of Tim-3 on cDC1s was also
assessed.

In the spleen, the expression of CD80, CD86, and CD40 was significantly
increased in the IFNa receptor unblocked groups relative to the same vaccination strategy
with IFNa receptor blockade (Figure 5.6B, p < 0.0079 for all). Interestingly, the
expression of CCR7 was unaffected by IFNa receptor blockade in the IV heterologous
prime boost (p = 0.5476), but was dependent on IFNa in the SNP IV given twice group (p
=0.0079). The expression of Tim-3 followed the same trend as CCR7, though the
expression of Tim-3 was still significantly different between IFNa receptor blocked and
unblocked in the IV heterologous prime boost groups (p = 0.0159). This suggests that the
maturation of ¢cDCls in the spleen following ChAdOx1 vaccination is not entirely
dependent on IFNa, whereas it is [IFNa dependent for SNP.

In the tumor, IV ChAdOx1 was the only vaccine that consistently upregulated all
three activation markers (CD80/CD86/CD40) and this was [FNa dependent in all cases
(Figure 5.6C, p = 0.0079). Of those three markers, IV SNP only significantly upregulated
CD86, and this was also IFNa dependent (p = 0.0238). When assessing CCR7 however,
only IV SNP increased expression of this maturation marker (p = 0.0159) in an [FNa
dependent manner. Finally, Tim-3 expression in the tumor remains highly expressed on
cDCls in both vaccinated groups in the presence of IFNa receptor blockade as compared

to the unblocked groups (p = 0.0079 for both).
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Figure 5.6 IV vaccine elicited IFNa causes activation of ¢cDCls in the spleen, tumor and td-LN.
(A) Therapeutic study treatment and sampling schedule, legend for all figure panels. (B-D) Expression
of CD86, CD80, CD40, CCR7 and Tim-3, as measured by median fluorescence intensity (MFI) on
cDCls in the (B) Spleen (C) Tumor (D) Tumor draining lymph node, td-LN. Stats: (B-D) Data
represented as mean + standard deviation, Mann-Whitney test.
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In the td-LN, both I'V vaccinations induce expression of CD86, CD80, CD40, and
CCR7 in an IFNa dependent manner (Figure 5.6D, p = 0.0079). The expression of Tim-3
in the td-LN is more heterogenous, but the IV SNP given twice group still shows I[FNa
dependent down-regulation (p = 0.0079). Together these data demonstrate that [V
vaccination with either ChAdOx1 or SNP causes activation of cDCls in the spleen, tumor
and td-LN. These trends in activation, particularly with CD80, CD86 and CDA40 are also
observed in ¢cDC2s and moDCs (data not shown). Together these data suggest that [FNa
induced by IV vaccination activates DCs systemically and may result in tumor

microenvironment modulation that supports anti-tumor CD8 T cell responses.

5.4 Conclusions and discussion
5.4.1 IFNa is required for IV vaccination mediated tumor regression in the
therapeutic setting

The finding that IV ChAdOx1 and IV SNP both elicit transient production of IFNa
suggested the possibility of a common mechanism of action that might explain why IV
SNP given twice is as protective as [V heterologous prime boost with Reps1-encoding
ChAdOxI1, despite eliciting ~10 fold lower magnitude antigen-specific CD8 T cell
response. Blocking IFNa signaling in the therapeutic setting abrogated vaccine elicited
protection, providing the evidence that IFNa signaling was required for both vaccination
strategies. IFNa production following IV vaccination was associated with production of
chemokines that promote CD8 T cell infiltration of tumors and activation of cDCls (and
other DCs) in the spleen, tumor and td-LN. Together, these data suggest that vaccine
induced I[FNa promotes tumor regression by promoting CD8 T cell infiltration into the

tumor and modulating the APCs in the tumor microenvironment.
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One intriguing comparison between the IV vaccinations was the pattern of
activation of ¢cDCls in the spleen with IFNa receptor blockade (Figure 5.6B/C/D). The
absolute dependence of cDC1 maturation (based on CCR7 upregulation and Tim-3 down-
regulation) on IFNa following IV SNP given twice may be due to the difference in the
pattern recognitions receptors (PRRs) through which SNP and ChAdOxI1 are activating
innate immunity. SNP contains a TLR-7/8 agonist and therefore signals through TLR-7 in
mice [187] (mice do not have TLR-8), while ChAdOx1 signals through Sting. TLR-7 is
not expressed by ¢cDCls in mice [209], and therefore the activation relies entirely on
IFNa. However, Sting is expressed by cDCls and therefore the maturation (based on
CCR?7 and Tim-3 expression) in the spleen is likely the result of direct activation by
ChAdOx1 in the cDCls. The lack of upregulation of costimulatory molecules by IV
ChAdOx1 with IFNa blockade suggests that Sting activation alone is insufficient to fully
activate cDCls. This fits with previously published work that [FNa promotes cross-
presentation of cDCl1s [66], which is supported by the increased expression of co-
stimulatory markers CD80/CD86 in the IFNa unblocked group.

The effects of IFNa on tumor regression are perhaps unsurprising given that others
have published on the loss of efficacy of immunotherapies in IFNa deficient mouse
models . However, these experiments are (to my knowledge), the first reports of vaccine
induced IFNa being considered as a therapeutic component of intervention, separate and
yet synergistic with the antigen-specific CD8 T cell response elicited. Collectively these
data suggest that a low magnitude CD8 T cell response may be capable of mediating
tumor regression, provided the appropriate tumor microenvironment modulation is
provided. IV vaccination therefore provides a two-pronged approach to tumor therapy by
providing both the CD8 T cell response and the immunomodulatory signals to alter the

tumor microenvironment.
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5.4.2 Limitations of the studies

The effects of IFNa are pleiotropic in nature, and so blocking [FNa affects
multiple different cell types and the production of numerous cytokines/chemokines. This
makes it difficult to pin-point exactly which cell types are critical for mediating anti-tumor
immunity following IV vaccination, and thus results in a general statement about the
requirement of IFNa for tumor regression. In addition, IFNa is a family of cytokines and
not a single entity. The ELISA kit detects multiple IFNa family members but does not
discriminate between the different family members. Therefore it is unclear if ChAdOx1
and SNP are eliciting the same I[FNa response, or if there are nuanced differences between
the IFNa family members induced that may have further implications on tumor regression.

The IFNa receptor blocking studies were only performed by targeting Reps1 in
MC38. It is unknown to what extent this phenomenon is generalizable to other tumor
models or whether it is specific to the MC38 tumor model.

The studies on APCs in the tumor and td-LN are correlational and do not
determine the relative importance of subsets, like ¢cDCls, in the anti-tumor effect of

heterologous prime boost.

5.4.3 Future studies

This chapter began by showing that empty ChAdOx1 IV vaccination provided a
therapeutic benefit as compared to SNP prime alone in the therapeutic setting (Figure 5.1).
IFNa was identified as a critical mediator of tumor control in the therapeutic setting when
using antigen-encoding ChAdOx1. A follow up study would assess if the protection seen
with the IV empty ChAdOx1 boost is also [IFNa dependent.

Another way to demonstrate the effects of IFNa would be to provide IFNa alone as

a therapeutic agent. Historically, IFNa has been given clinically to promote anti-tumor
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immunity [7]. SNP prime alone and SNP prime followed by exogenous IFNa given at the
time of boost (no vaccine/no antigen) in the therapeutic setting could be compared to see if
IFNa alone is sufficient to improve protection provided by SNP primed responses. This
would be similar to the empty ChAdOx1 alone boost, except it would not cause activation
through Sting and may have more limited effects. This could inform on the importance of
Sting signaling activated by ChAdOx1 vaccination for therapeutic effect.

IFNa blockade was associated with an increased expression of PD-1 in the
heterologous prime boost group, though by all other assessments the phenotype of the
cells looked similar. It would be interesting to see if the blockade of IFNa is associated
with a reduction of CD8 T cell infiltration into the tumor or with a change in phenotype of
the CD8 T cells present at the tumor site.

The activation of APCs in the spleen, tumor and td-LN following I'V vaccination
with ChAdOx1 or SNP is similar by flow cytometry. However, these vaccines signal
through different PRRs and thus may elicit different cell states following vaccination. To
better understand how each of the vaccines affects the APCs to promote tumor regression,
a scRNA sequencing experiment could be undertaken to compare APCs in the spleen,
tumor and td-LN following IV vaccination in combination with or without the IFNa
receptor blocking antibody. This data set could reveal vaccine specific activation states of
APCs that promote tumor regression which could then be tested in vivo.

Finally, the same IFNa receptor blocking experiment could be repeated in a
different mouse tumor model. Though based on the data in chapter 4, it is likely that
neither TC-1 nor BI6F10 would be good candidates for this given their sensitivity to CDS8

T cell responses and aggressiveness, respectively.
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6.1 Conclusions and future work

Neoantigens have emerged as critical targets for cancer immunity across multiple
cancer types [152]. However, not all patients naturally prime CD8 T cell responses against
neoantigens and this may underpin their lack of responsiveness to CPIs. This has led to the
development of neoantigen based vaccination strategies to prime de novo (or boost pre-
existing) neoantigen T cell responses in humans [210]. Though the neoantigen SLP and
poly-ICLC vaccine clinical trial was able to elicit CD8 T cell responses in patients, it was
against a very low number of neoantigens relative to the number tested (16%) and no
vaccine specific therapeutic outcomes were reported. One reason for this may be that SLP-
adjuvant emulsions like SLP and poly-ICLC are suboptimal for inducing broad antigen-
specific CD8 T cell responses. Formulating 7 mass-spectrometry validated neoantigens as
SNP-7/8a demonstrated that CD8 T cell responses could be primed against all 7
neoantigens, whereas poly-ICLC formulation was only able to elicit CD8 T cell responses
against three of these. In addition, the magnitude of SLP + poly-ICLC primed CDS8 T cell
responses in humans, as detected by IFNy production following peptide stimulation with
pools of neoantigens, was found to be very low (<0.5%) [185]. This low magnitude
following SLP + poly-ICLC is similar to findings in rhesus macaques tested with the SNP
vaccine, indicating that peptide vaccines may be well suited for priming T cell responses
but would likely need to receive a heterologous boost to elicit high magnitude responses in
primates. In contrast, ChAdOxI1 elicits high magnitude CD8 T cell responses in humans
against a variety of tested antigens — though neoantigens have not been tested to date.

The fundamental purpose of this thesis therefore was to assess whether the
combination of SNP and ChAdOx1 elicited higher magnitude neoantigen-specific CD8 T
cell responses than either platform alone, and if this resulted in improved survival in

preclinical mouse models. As the target was neoantigens, the studies focused on SNP
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prime followed by ChAdOx1 boost, given that in the clinical setting SNP vaccines would
likely be ready earlier than personalized ChAdOx1 vaccines. With this information, a
decision could be made about whether or not to pursue this combination in NHPs and if
successful later in humans.

The project began by testing the effect of route of ChAdOx1 vaccination on
magnitude and quality of the induced neoantigen-specific CD8 T cell response. This is
because the route of vaccination has been shown to be important in eliciting protective
immune responses against tuberculosis [191] and cancer [188], with IV vaccination
providing superior protection in both cases. In the case of ChAdOx1 vaccination, the IV
route was associated with higher magnitude, but more terminally differentiated T cell
responses as characterized by a lower frequency of polyfunctional CD8 T cells and higher
expression of PD-1 and the transcription factor Eomes [192]. The cells induced by IV
ChAdOx1 may also be more exhausted as evidenced by the higher frequency of PD-1+
Tim-3+ cells when compared to IM ChAdOx]1. These double positive cells have been
previously described to be less capable of producing cytokines in response to TCR
stimulation, and may represent a more ‘exhausted’ T cell phenotype [126]. Together, the
immunological data suggested that in the case of ChAdOx1 vaccination, the IV route
might be suboptimal for inducing T cell responses.

However, in the prophylactic setting [V ChAdOx1 outperformed the IM ChAdOx1
and protected a greater percentage of mice challenged with MC38. This indicates that with
a sufficiently large magnitude T cell response, the quality of the T cells may become less
important — similar to findings in the prophylactic setting when comparing SNP given SC
or IV. Though with SNP, the trend is reversed, localized vaccination (SC or IM) is
associated with more terminally differentiated T cell responses and IV vaccination elicits

lower magnitude but more ‘stem-like’ responses [188].
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Interestingly, despite the more terminally differentiated phenotype of IV ChAdOx1
primed CDS8 T cell responses, these did not contract over 16 weeks as much as IM
ChAdOx1 primed responses, resulting in prolonged high magnitude CD8 T cell responses
detectable in the blood and spleen. In fact, the CD8 T cell response at 16 weeks following
IV ChAdOx1 vaccination remained higher than the peak magnitude achieved by IM
ChAdOx1. This may be important in the context of cancer as inducing stable high
magnitude responses over prolonged periods of time may enable better control of tumor
growth and allow for treatment of more advanced metastatic disease in patients.

Having noticed this effect of route of vaccination on CD8 T cell responses primed
by ChAdOx1, and with the understanding that route affects the quality and magnitude of
SNP primed CD8 T cell responses, it was important to determine the effect of different
routes of both prime and boost vaccinations on heterologous prime boosted T cell
responses. Interestingly, the route of SNP prime had no effect on the magnitude or quality
of CD8 T cell responses elicited after ChAdOx1 boost. However, the route of ChAdOx1
boost was critical, with IV ChAdOx1 eliciting higher magnitude responses than IM, as
would be expected. Given this finding, and that the IV route of vaccination elicits a greater
frequency of ‘stem-like’ cells — which are associated with better response to CPIs, all
subsequent experiments focused on the use of [V SNP as a prime vaccination.

Having selected a route for SNP prime vaccination, the next variable to understand
was the effect of interval between IV SNP prime and ChAdOx1 boost. Longer intervals
between prime and boost have been associated with increased boosting of T cell responses
[211]. Three intervals were tested (1-, 2- and 4-weeks) between prime and boost.
Interestingly, the magnitude of the CD8 T cell response immediately prior to ChAdOx1
boosting was equivalent between groups regardless of how much time had elapsed since

IV SNP vaccination — indicating that IV SNP induces stable, albeit low magnitude, CD8 T
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cell responses, which has not been previously reported. This may be why there was no
difference in the magnitude of CD8 T cell responses following ChAdOx1 boost between
the different intervals for both IM and IV boosted groups. All IV ChAdOx1 groups
elicited higher magnitude CD8 T cell responses than IM boosted groups. It was clear that
SNP primes a pool of neoantigen-specific T cell responses that can be boosted
dramatically by ChAdOx1 at early time points, though after 4 weeks the magnitude of the
response is approximately equivalent between SNP primed groups and ChAdOx1 alone. In
the clinic, the decline in response over time may be less dramatic as patient tumors would
provide a constant source of antigen for stimulating T cell responses and the use of
checkpoint inhibitors may promote MHC-I presentation of tumor antigens on DCs to
maintain the response elevated. Together these factors may preserve the magnitude
differences seen initially between heterologous prime boosted groups and ChAdOx1 alone
groups over time and may prove beneficial in patients.

There was also an observation unique to the IV ChAdOx1 boosted groups as
compared to the IV ChAdOx1 alone, which is that SNP priming appears to limit the
terminal differentiation induced by IV ChAdOx1. The expression of PD-1 and Eomes was
significantly lower in the IV heterologous prime boost groups as compared to [V
ChAdOxI1 alone, and this was associated with a greater frequency of polyfunctional cells.
It is unclear what significance this may have in the tumor, but immunologically one might
expect the heterologous prime boosted cells to exhibit better effector functions as a result.

The effect of route and interval were well characterized in these studies, however
only one dose of ChAdOx1 was tested. It is unclear what effects a lower dose might have
on the magnitude and quality of T cell responses, and this is something that will be
investigated in follow up studies, likely in NHPs. The reason being that finding the lowest

dose possible that maintains potent T cell response boosting is likely to reduce side effects
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in patients, without compromising anti-tumor efficacy. The rationale for not determining
this in mice is because scaling doses from mice to NHP is non-trivial and so findings in
mice may not be representative of what would be observed in NHP or humans.

The ability of heterologous prime boosted T cells to mediate protection from tumor
challenge was then assessed in a prophylactic study. A 2-week interval was used between
prime and boost for two reasons, 1) interval did not have a detectable effect on magnitude
or quality of T cell responses and 2) previous experiments in the lab had used the same
interval and could be included as controls or compared with historical data. The
prophylactic experiments demonstrated the ability of heterologous prime boosted cells to
mediate anti-tumor protection, and protection was correlated with magnitude of response
thereby making the IV heterologous prime boost group the best performing group.
Interestingly there was no difference between IM ChAdOx1 alone and heterologous prime
boost with SNP and IM ChAdOx1, further accentuating the difference that route of
vaccination can make. The protection was shown to be CD8 T cell dependent through a
depletion study, which validated the model system of Reps1 vaccine mediated protection
from MC38.

Collectively, these data supported the utility of heterologous prime boosted CD8 T
cells in eliciting anti-tumor immunity and provided reason to explore how this might be
applied in a more clinical setting. The prophylactic setting was only tested in MC38
because even low magnitude responses against E6/E7 can confer near sterile protection
from TC-1 challenge in the prophylactic setting and so it would be very difficult to tease
apart vaccination strategy differences in this model. However, the effect of the
prophylactic setting should be repeated with another model in order to ensure the

robustness of the finding.
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Following the success of heterologous prime boost in the prophylactic setting, it
was important to test the heterologous prime boost strategy in the therapeutic setting,
which might better model the therapeutic nature of this cancer vaccination strategy. The
interval between prime and boost was shortened to 1 week due to the fast-growing nature
of the tumors, but was not expected to dramatically influence the heterologous prime boost
immunogenicity based on the previous data on the effect of interval. In the therapeutic
setting with MC38, heterologous prime boost using ChAdOx1 IM or IV both performed as
well as the positive control (SNP IV given twice) despite having vastly different
magnitude Reps1-specific CD8 T cell responses. IV or IM ChAdOx1 alone did not
provide any therapeutic benefit against MC38 in this setting despite eliciting CD8 T cell
responses of a similar magnitude to SNP IV given twice. These data indicate that for
MC38, heterologous prime boost is a more potent therapeutic intervention than ChAdOx1
alone.

Moreover, this trend was also seen with a second neoantigen (Adpgk) when tested
as an IV heterologous prime boost strategy. Tumor regression was less striking in the case
of targeting the Adpgk neoantigen, though it is unclear exactly why this might be. All
previous work in the Seder lab has shown that Adpgk is a less protective neoantigen in the
prophylactic and therapeutic settings (unpublished). A number of factors may explain this
discrepancy between neoantigens, for example a lower expression level of Adpgk as
compared to Repsl1, lower MHC-I binding affinity of Adpgk peptide, or more effective
central tolerance to screen out potentially cross-reactive CD8 T cell clones against Adpgk
than against Reps1. The selection of effective neoantigens is a topic of much debate, but it
is clear that there are many differences between neoantigens that may determine the
effectiveness of targeting them to induce T cell responses capable of mediating tumor

regression. What is clear is that IV heterologous prime boost does elicit a CD8 T cell
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response when targeting Adpgk and improves protection as compared to controls. Adpgk
is expressed by the tumors as unvaccinated tumor-challenged mice develop Adpgk
specific-CD8 T cell responses. The reasons why protection is less efficacious when
vaccinating with Adpgk than when targeting Reps1 are beyond the scope of this thesis.

Given the disparities in magnitude between the three partially protective groups, a
study was undertaken to assess differences in the quality of the antigen-specific CD8 T
cell response in the spleen and tumor. It was assumed that the groups with higher
magnitude had likely elicited more exhausted or less functional T cell responses as they
did not improve survival compared to the SNP control. In the spleen, the quality of T cell
responses was found to be similar between groups, the major difference was in the
numbers of antigen-specific CD8 T cells, which were ~10x higher in the IV heterologous
prime boost groups compared to the other groups. In the tumor, there were also limited
differences in T cell quality between groups, but IV heterologous prime boost resulted in
an increase in T cell infiltration into the tumor. This could be a result of the increased
CXCL-9/CXCL-10 produced following IV ChAdOx1 vaccination. There were also fewer
Tregs in the tumor following I'V heterologous prime boost as compared to the other groups
and this has a positive prognostic value. The analysis at the tissue sites did not reveal any
striking differences between the groups that would explain why IV heterologous prime
boost does not definitively outperform the other two groups as the magnitude elicited is
the highest.

One interesting observation was that the SNP followed by ‘empty’ ChAdOx1 IV
exhibited partial tumor growth control in MC38 despite having lower magnitude
responses. Interestingly, SNP followed by ‘empty’ ChAdOx1 IM did not display improved
survival or display tumor regression. This indicated that perhaps the systemic distribution

of ChAdOxI1 following IV vaccination may promote anti-tumor immunity as compared to
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the locally administered IM ChAdOx]1. In addition, the varied magnitude T cell responses
in the 3 best responding groups, indicated that perhaps the magnitude of the CD8 T cell
response is not the determining factor for whether or not MC38 will respond to an
intervention. This prompted investigation of the factors that might explain these
observations, one of which was the activation of innate immunity following systemic
vaccination with SNP or ChAdOxl1.

Some adenoviruses are known to activate innate immunity through the activation
of STING and subsequent production of IFNa [207]. IFNa has pleiotropic effects on
multiple different cell types. However, one effect of IFNa is to activate cDCls to promote
cross-presentation to activate CD8 T cells, and also to activate cDC1s to produce
chemokines CXCL-9/CXCL-10, which are required to recruit T cells [62]. Thus, the
possibility emerged that IV vaccination with ChAdOx1 or SNP resulted in production of
IFNa which potently activated cDC1s to promote anti-tumor immunity.

To begin testing this hypothesis, the production of [IFNa and IL-12 was assessed in
mice at multiple times post [V vaccination. A significant amount of IFNa was produced in
response to both ChAdOx1 and SNP vaccination. However, IL-12 was only elicited by
SNP. The CDS8 T cell response primed by ChAdOx1 was entirely dependent on STING
and IFNa as demonstrated through the vaccination of KOs. Multiple DC populations
displayed transient activation that peaked 24 hours following vaccination. Furthermore,
ChAdOx1 vaccination of Batf3 KO mice revealed a ~4-fold reduction in magnitude of the
antigen-specific response, indicating a key role for cDCl1s in priming high magnitude CD8
T cell responses. The reason this was not tested with heterologous prime boost is because
Batf3 KO mice also exhibit deficient priming with SNP [188]. This demonstrated that IV
vaccination could elicit IFNa and activate cDCl1s, and made plausible the theory that these

two features of IV vaccination may be linked to the anti-tumor efficacy of IV vaccination.
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Further support for this was provided by the [FNa receptor blocking experiments
in the therapeutic setting. These demonstrated that functional IFNa signaling was required
for protection following IV boost vaccination with either SNP or ChAdOx1. Blocking
IFNa signaling completely at the time of boost abrogated tumor control when using
ChAdOxI1 1V, and mostly abrogated protection with IV SNP. IFNa receptor blockade was
associated with lower levels of CXCL-9 and CXCL-10 in the serum. Moreover, the T cell
response magnitude in the blood after ChAdOx1 boost was not affected in the IFNa
receptor blocked group, though the phenotype of these cells was slightly more terminally
differentiated. Given this data, it is possible that the magnitude in the blood is unchanged,
but due to the lower expression of CXCL-9 and CXCL-10 there are fewer CD8 T cells in
the tumor itself, thereby preventing effective tumor clearance. A follow up study will be
undertaken to determine if [FNa receptor blockade reduces T cell infiltration into the
tumors.

Finally, the activation of cDCls in the spleen, tumor and td-LN was assessed in the
context of [IFNa receptor blockade. IFNa receptor blockade totally abrogated activation of
these cells in the tumor and td-LN, indicating that IV ChAdOx1 does indeed activate
cDCl1s through the production of IFNa. These data support the hypothesis that vaccine
induced IFNa production activates cDC1s and may be promote anti-tumor immunity, in
part through the production of chemokines and licensing of CD8 T cell responses. To
definitively show this, an inducible Batf3 conditional KO mouse could be used for a
therapeutic experiment. Depleting cDCls specifically just prior to boost and comparing to
mice with intact immune systems would reveal the role of cDCls in both boosting T cell
responses and orchestrating anti-tumor immunity.

Though the cDC1 activation hypothesis is appealing, [IFNa has pleiotropic effects

on multiple different cell types. It is possible that [FNa is also affecting the

160



Conclusions and Future Work

immunosuppressive TME by altering tumor cells or other immune cells [7]. This is
something that will be pursued by single cell RNA sequencing of tumor preparations
following vaccination with or without IFNa receptor blockade in an attempt to
characterize the mechanism of protection in this model as precisely as possible.

In addition, it is possible that the ChAdOx1 prime alone groups in the therapeutic
setting prime fully functional T cell responses but the absence of an [IFNa inducing signal
at the time of boost prevents these from homing into the tumor. A follow up study where
ChAdOxI1 is given as a prime (no protection) and then recombinant mouse IFNa is
provided at the time of boost would demonstrate that efficacy in the therapeutic setting for
MC38 is dependent on both a T cell response and an immunostimulatory signal that could
activate APCs/revert immunosuppression in the tumor as a result. This would not be
unlike the studies in the 1990s that tested IFNo2 in clinical trials [9]. A T cell response is
known to be required to treat MC38 from CD8 T cell depletion studies performed with
SNP [188]. For MC38 treatment, the framework may be that some low level of anti-tumor
T cell response is required or anti-tumor efficacy, but must be supplemented with an
immunostimulatory signal to enable effective function. In the context of heterologous
prime boost, IV ChAdOx1 provides both the T cell response boosting and the
inflammatory signal to enable anti-tumor function, and this may be an important paradigm
for the clinic.

Collectively, the data in this thesis provides sufficient evidence for pursuing a
NHP study to determine if heterologous prime boost elicits higher magnitude T cell
responses than either SNP or ChAdOx1 alone. Whilst in MC38, the magnitude of the T
cell response does not determine efficacy, it is highly likely that in humans it will play a

role. This is based on two major lines of evidence:
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1. High numbers of T cells infused for efficacious ACT with expanded TILs
or CAR T cells [165].
2. The correlation of high numbers of TILs with a favorable prognosis in
ovarian[212] and colorectal [213] cancers.
3. The positive correlation between TILs and TMB, and therefore positive
association with outcome [162].
Therefore, the magnitude of the T cell response generated through vaccination is
important for clinical development. Given the low magnitude CD8 T cell responses that
SNP primed in NHPs [186], it is unlikely that SNP alone will induce sufficient magnitude
T cell responses in humans to be clinically viable. The evidence from the heterologous
prime boost mouse studies in this tome supports the use of an [V ChAdOx1 boost to
increase T cell magnitude from the perspective of SNP. It will have to be demonstrated in
NHPs that heterologous prime boost elicits higher magnitude responses than ChAdOx1
alone to determine if this combination is suitable for clinical development as opposed to
using ChAdOx1 alone.

In summary, I'V heterologous prime boost was shown to be the most potent
strategy for eliciting high magnitude antigen-specific CD8 T cells across a range of
antigens. [V heterologous prime boost exhibited the best tumor regression, even if not
significantly better than the positive control. In addition to boosting T cell responses, [V
vaccination with SNP or ChAdOx1 elicits high levels of IFNa which promotes anti-tumor
immunity, and builds on decades of previous work in understanding the anti-tumor effects
of the IFNa cytokine family. This represents a new paradigm for cancer vaccinology,
whereby the vaccine is desired not solely to elicit potent anti-tumor T cell responses but
also to modulate the TME to promote tumor regression. The Seder lab has dubbed this

paradigm Vax-Innate.
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“I have often had a fancy for writing a romance about an English yachtsman who slightly
miscalculated his course and discovered England under the impression that it was a new
island in the South Seas. There will probably be a general impression that the man who
landed....to plant the British flag....felt rather a fool.....But I have a peculiar reason for
mentioning the man in a yacht, who discovered England. For I am that man in a yacht....I

1

am the man who with the utmost daring discovered what had been discovered before.’

G. K. Chesterton, Orthodoxy
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Figure 6.1 Individual tumor growth curves of mice bearing MC38 tumors for key groups in thesis
(A) Therapeutic study treatment schedule and legend for all figure panels. (B-I) Representative tumor
growth curves for different treatment groups (B) Untreated (C) IV ChAdOx1 prime only (D) IV SNP
prime followed by IV ChAdOx1 boost (E) IV SNP given twice (F) IV SNP followed by ‘empty’ ChAdOx1
IV (G) IV heterologous prime boost with IFNa receptor inhibition (H) IV SNP given twice with [FNa
receptor inhibition (I) ‘Empty’ SNP IV followed by IV ChAdOx1 boost
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