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Abstract

Immunotherapy has become a new approach for prostate cancer (PCa) due to its selectivity and
efficacy. With immunogenic properties, PSA has been found to be overexpressed in PCa and its
enzymatic activity enhances the growth and progression of PCa cells. Furthermore, dendritic cell
(DC) based therapies against PSA have been approved for clinical use which makes PSA a desirable
target for recombinant overlapping peptides (ROPs) vaccine development. Based on combining
multiple T cell epitopes, ROPs involves identifying a set of overlapping amino acid sequences
constituting a single-chain peptide representing the sequence of PSA. Between each overlapping
region is an enzymatic cleavage site specific for cathepsin S which is a key protease located in
endolysosomes of DC. This strategy harnesses DC’s potential of priming both CD4+ and CD8+ naive
T cells by its ability to be presented by MHC class | and Il molecules, triggering robust cell-mediated
anti-tumour immunity.

This project aims to develop and optimise the process of ROP-PSA expression and purification, and
subsequently study the mechanism of activation of DCs in vitro using dendritic cell line DC2.4 by
cytokine array assays. Here we demonstrate the successful expression of ROP-PSA from E. coll,
the solubilisation of the recombinant ROP-PSA protein in urea, sarkosyl and arginine, and
purification of ROP-PSA from E. coli expression system, which was validated by SDS-PAGE and
western blot. Biocompatibility and stability of the buffer were tested by viability assay in vitro with the
cell line to optimise buffer proportion in medium before cytokine array. Upon endotoxin removal, the
concentration of ROP-PSA was accurately measured by bicinchoninic acid (BCA) assay for the
calculation of treatment dose. Cytokine profiles have shown cytokine and chemokine release (e.g.
TNF-a and significantly from CC chemokine family) from DC2.4 after treatment with ROP-PSA in
cytokine array. Cathepsin S digestion assay and mass spectrometry analysis concluded some
cleavage at cathepsin specific linker. The project provides a strong foundation for in vivo preclinical
murine studies.
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Disclaimer

| confirm that the work presented in this thesis is entirely my own work, with the exception
of data from LPS quantification assay which was conducted by Yugian Ou, a PhD student
from Jiang’s lab and methods and data from mass spectrometry which was conducted and
analysed by Dr Rod Chalk from Centre for Medicines Discovery, University of Oxford.
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List of abbreviations

ADT — androgen deprivation therapy

APC — antigen-presenting cells

AWE - alive without events

BME — B-mercaptoethanol

CAR - chimeric antigen receptor
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DC — dendritic cells
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HLA — human leukocyte antigen
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tetrazolium

NK — natural killer (cells)

PAP — prostatic acid phosphatase

PBMC — peripheral blood mononuclear cells

PCa — prostate cancer

PCD — programmed cell death

PSA — prostate-specific antigen

PSMA — prostatic specific membrane antigen

ROP — recombinant overlapping peptides

SEER - surveillance, epidemiology, and end results
TAA — tumour-associated antigens

TCEP — tris(2-carboxyethyl)phosphine

TGF — tumour growth factor

TME — tumour microenvironment

TNM — tumour, node, metastasis

UPS — ubiquitin-proteasome system
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Introduction

Prostate cancer

100

Prostate cancer (PCa) is the second most
90

frequent malignancy in men (after lung 80

70

cancer) and the fourth most commonly
60
occurring cancer overall (1). In the UK, 50

40

5-Year Relative Survival (%)

PCa is the second most common cause of
30

cancer death in males (2). According to 20

10

the data from the Surveillance, ,

Localized Regional Distant

Epidemiology, and End Results (SEER) ) )
Figure 1 | 5-year relative survival rate for prostate

cancer, 2012-2018. Source from National Cancer
Institute.

(2012-2018) for localized and regional PCa was 100% while it dropped to 32.3% when

Program, the relative 5-year survival rate

cancer had metastasized (3). It is highly likely to be cured of PCa when localized and current
treatment can prolong survival in some metastasis such as bone (4). However, in most
metastases, it cannot be cured by current treatment with median survival in between 1 and

3 years (4).

Screening and Diagnosis

There is yet an efficient non-invasive method to diagnose prostate cancer. Although most
prostate cancers are diagnosed as a results of screening, screening for prostate cancer
remains controversial in the UK and even worldwide as it has yet been proved that the
benefits would outweigh the risks in systemic reviews and meta-analysis (5)(6). According
to robust evidence, available screening such as Prostate-Specific Antigen (PSA) tests
and/or Digital Rectal Exam (DRE) can suggest false-positive result which leads to further
unnecessary tests and treatments, some of which can be invasive and distressful (7,8). For
example, adverse reactions caused by prostatic biopsies (a common diagnostic test) include

fever, pain, haematuria, and rarely, sepsis (9). There is also solid evidence for how
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overtreatment with radical prostatectomy and radiation therapy can lead to permanent

adverse effects such as erectile dysfunction and urinary incontinence in many patients (10).
Therefore, diagnosis may consider other factors such as clinical presentation and needle

biopsy which is the most commonly used method.

Staging and Corresponding Treatment

Staging tests include serum PSA level, biopsy, pelvic lymph node dissection, imaging (e.g.
MR, transrectal ultrasound, CT, and radionuclide bone scans for metastases (4). Staging is
mainly classified by TNM (tumour, node, metastasis) system (11). Treatment options for
stage | to lll local prostate cancers are heavily based on surgery, radiotherapy, and
sometimes hormonal therapies (4). At Stage IV when tumour starts to spread to lymph nodes,
apart from radical prostatectomy, hormonal therapies and bisphosphonates are used alone
or in combination with radiotherapy (4). However, for recurrent metastatic prostate cancer,

medical management is heavily used such as chemotherapy and immunotherapy (4).

Treatment options for recurrent/metastatic PCa

Hormonal therapy for PCa, commonly referred to as androgen deprivation therapy (ADT),
forms the backbone of therapy for metastatic PCa, which can be fulfilled with bilateral
orchiectomy or administration of gonadotropin-releasing hormone (GnRH) agonists or
antagonists. 80-90% patients respond to treatment initially but majority of them develop
advanced disease following ADT (12). It has been proved that combination therapy of ADT
and hormonal agents (i.e. abiraterone, apalutamide and enzalutamide) results in longer

overall survival than monotherapy (13-15).

Chemotherapy is often used as second-line when tumour becomes resistant to hormonal

therapies. The most used chemotherapy agent is intravenous docetaxel. Combination with
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docetaxel has been shown in randomized clinical trials to improve overall survival compared

with monotherapy and not inferior to combination with hormonal therapy (16). Data
published from ENZAMET trial showed superior PSA progression-free survival and clinical
progression-free survival with the addition of enzalutamide (15). PEACE trial also indicated
promising results on improving overall survival in triple therapy of chemotherapy,
radiotherapy and hormonal therapy (17). With the principle of “hit hard, hit early” in cancer
treatment, it is likely that triple therapy will become the new standard of care in PCa

treatment (18).

Radium-223 can be used as combination therapy with ADT in bone metastases and can be
effective for bone pain in patients (19). This radiopharmaceutical emits alpha particles and

is administered by IV with a half-life of approximately 11 days (4).

Prognosis Factors

Overall survival for PCa patents are associated with several factors such as extent of tumouir,
histologic grade, patient’s age and health, and PSA level (4). As mentioned local tumours
have high survival rates but not necessarily curable; there is no current treatment to cure
metastatic PCa whose median survival rate is usually 1 to 3 years. Gleason score is a
standardized method to measure the histologic grade of tumour and usually the less
differentiated the tumours are, the more likely they would have metastasised before
diagnosis (4). Elevation of PSA level and serum acid phosphatase levels is related to poor

prognosis in both localized and metastasized PCa (4).

Immunotherapy for PCa
Immunotherapy in cancer harnesses the power of the immune system to kill cancer cells,

by assisting the immune system to recognize and kill cancer cells. Immunotherapy is usually
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used as final approach for PCa when disease progresses during ADT treatment (hormone-

refractory). Immunogenicity of cancer vaccines requires time to develop and therefore not

immediately cytotoxic and reduce tumour size as seen with chemotherapy or radiation (20).

The reasons why prostate cancer is suitable for immunotherapy are: 1. it progresses
relatively slowly locally which allows sufficient time (21) for the immune system to develop
efficient antitumour responses; 2. the tumour expresses several tumour-specific antigens
e.g. PSA (22), prostatic acid phosphatase (PAP) (23) and prostatic specific membrane
antigen (PSMA) (24) which are potential therapeutic targets; 3. targeting these antigens with
prostate being a non-essential organ reduces the chance of causing acute off-target

toxicities (25).

Development of dendritic cell-based vaccines in PCa

Antigen presentation is the key linkage between innate and adaptive immune system and
fundamental to activate cytotoxic T lymphocytes for the induction of tumour apoptosis. The
idea of cancer vaccines originated from random tumour regression following microbial
infections (26). The efficacy of such therapeutics eventually requires the specific recognition
of unique tumour-associated antigens (TAAs) by cytolytic effectors such as T cells and
antibodies (27). One of the major hallmarks for PCa is immune invasion(28). Part of its
reason is due to the immaturity and paucity of dendritic cells in the tumour, which contribute
to non-immunogenic T cell responses at early stages and thus later stages (29,30).

Therefore, a DC based immunotherapy may have a great potential to treat PCa.

Dendritic cells (DCs) as one of the primary professional antigen-presenting cells (APCs) act
as a link between innate and adaptive immunity. They are innate immune cells for their

function of recognizing and responding to pathogen-associated and damage associated
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patterns and regulating inflammatory response (31). Their main role in adaptive immunity is

defined by their ability to capture, process and express immunogenic antigens (32) via major

histocompatibility complex (MHC) molecules to prime naive T cells (31).

To overcome the low prevalence of DC in the peripheral blood (0.1%-1%) of peripheral blood
mononuclear cells (PBMC) (33), Sipuleucel-T use a density gradient to prepare an APC
enriched preparation(34). As DC therapy evolved, monocytes, which are a more readily
available source (about 10% of PBMC), are used to be differentiated to dendritic-like cells
(MoDC). In this case, CD14+ cells are extracted from PBMC and cultured with GM-CSF and
IL-4 to stimulate the maturation and proliferation of MoDC (35). These cells are able to
express internalised tumour antigen on major histocompatibility complex (MHC) | molecules
(36). With their professional antigen-presenting ability, they induce T-cell maturation and

proliferation (34).

First clinically approved PCa immunotherapy — Sipuleucel-T

Sipuleucel-T was the firstimmunotherapy approved by FDA for PCa personalised treatment,
and it is also the first immunotherapy that is ever approved for cancer treatment. The
recombinant protein is composed of both PAP and granulocyte-macrophage colony-
stimulating factor (GM-CSF) which are a prominent tumour-associated antigen and a
cytokine that help with T-cell and B-cell production and maturation, respectively. The product
itself constitutes a recombinant fusion protein antigen which can be taken up by the patient’s
isolated APCs ex vivo obtained by leukapheresis (37), which result in APC activation (38).
The mixture of cultured peripheral blood mononuclear cells with activated APCs is infused
back into the patient (37). By expressing MHC class ll-antigen and MHC class I-antigen
complexes, these cells stimulate CD4+ T-helper cells and CD8+ cytotoxic cells, respectively,

which activates T-cell immune response targeted against PAP (37). In phase Ill IMPACT
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trial (placebo-controlled randomisation), the median overall survival was 4.1 months longer

in sipuleucel-T than in the placebo group (39).

Clinical data showed that Sipuleucel-T could maintain prolonged peripheral T-cell and B-cell
response to target antigen PAP, which then lead to downstream responses to secondary
antigens i.e. antigen spread and T-cell infiltration to tumour tissue (40,41). Thus from various
pathways, sipuleucel-T induces the activation of cytotoxic T lymphocytic activity and turn the
immunosuppressive tumour microenvironment (TME) of PCa to an immune-enriched one
(41,42). The landmark for Sipuleucel-T is its ability to prime cytotoxic T cells so that they
become tumour-specific. This is beneficial in terms of combining with immune checkpoint
inhibitor clinically as the presence of tumour-specific T-cells is the rate-limiting step for

immune checkpoint blockade (43).

Form of antigen

Peptides and mRNA are the two main types of antigens for DC therapy.

Peptides

Cancer vaccine development usually originates from peptide or protein because it is the
most common source of antigen (34). Synthetic peptide-based vaccines are usually well-
tolerated and presents a satisfactory toxicity profile. In order to induce and stimulate antigen-
specific tumour reactive T cells, these peptides should be able to be presented by human
leukocyte antigen (HLA) molecules on APCs, which in turn prime CD4+ and CD8+ T cells
(44). However its therapeutic effect often requires combination with robust adjuvants and
immunomodulators (45) and largely depends on their specific suitability for patient’'s HLA
subtype for antigen presentation (34). Peptides are easily produced, stored and does not

require a “cold chain” for transportation, which makes manufacturing cost-effective (46).
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Messenger RNA

mRNA has shown promise in recent years for the COVID-19 pandemic. By taking up and
translating the mRNA, APCs, mostly dendritic cells, present/cross-present post-translated
proteins, initiating immune response (47). mMRNA can be administered to the DCs in four
ways: passive, electroporation, lipid nanoparticles and viral vectors. Electroporation was
used in an autologous DC therapy targeting PSA in a phase Il trial for PCa; the therapy was
proved to be safe (no significant adverse reactions) in all patients and immunogenic in half
of the patients (48). Naked mRNA when injected directly into patients is rapidly degraded by
extracellular RNases so development of delivery vehicles is necessary to increase the
delivery efficiency of mRNA cancer vaccines (49). There is currently no clinically approved

mRNA cancer immunotherapy.

Therapeutic vaccines compared with other immunotherapies

Apart from therapeutic vaccines, other immunotherapies such as immune checkpoint
inhibitors, CAR (chimeric antigen receptor)-T cell, cytokines, and oncolytic viruses are widely
used for cancer therapy nowadays. Immune checkpoint inhibitors and CAR-T cell therapies
will be mainly discussed in this section. Immune checkpoint inhibitors target negative co-
stimulatory molecules on cytotoxic and regulatory T-cells to prolong tumour-specific
cytotoxic T cell response (1). However they can result in excessive autoimmune response
e.g. rash, pneumonitis, and hepatitis which can confine their use (51). Also this therapy
requires upregulation of immune checkpoints and the presence of tumour-specific T cells in
TME (52) — clinical studies have shown limited response to this therapy by PCa patients

given PCa is a “cold” tumour (53).

CAR-T cell therapies are a personalised immunotherapy. Through extracting the patient’s

own T cells and engineering them with a tumour-specific surface molecule receptori.e. CAR,
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CAR-T cells are able to bind to cancer cells and induce cytotoxic T cell response (54).

Despite its adverse reaction profile e.g. cytokine release syndrome and expensive cost, this
therapy showed promising results in haematological cancers and most recently a PSMA-
directed, tumour growth factor (TGF)-B-armoured CAR-T cell therapy demonstrated positive

clinical activity in patients with castration-resistant prostate cancer (55).

Role of PSA in PCa immunotherapy

Therapeutic potential of PSA

PSA is a glycoprotein which can be overexpressed by prostate epithelial cells almost
exclusively in the case of prostate abnormality, inflammation and trauma, or in this case,
cancer, which enhances the amount of PSA in circulation (56). Therefore, PSA screening is
widely used in the diagnosis of prostate cancer due to its simplicity while it has not been
proved that the benefits would outweigh the risks as mentioned (6)(57). PSA has been found
not purely a serum marker for diagnosis. PSA is also a clinically verified superb indicator for
disease progression once cancer has been diagnosed. Moreover, it was shown to have a
significant role in PCa signalling pathway for proliferation, angiogenesis and metastasis,
which can facilitate tumour genesis and progression (58). In terms of immune response,
PSA can give rise to the stimulation of TGF3 which is one of the major immune suppressive
factors that orchestrate tumour evasion (59,60). HLA-A2-, HLA-A3- and HLA-A24-restricted
PSA-derived peptides/epitopes from oligopeptides were reported to be able to activate CTLs
and consequently lead to tumour apoptosis induced by peptide-specific CTLs (61), which

makes PSA a potential target for PCa immunotherapy.

PSA-based vaccines under development
Dendritic cell-based vaccines with PSA as a target have entered clinical trials in the past. A

vector-based vaccine against PSA-expressing tumour cells PSA-TRICOM, which
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successfully reached phase lll clinical trial, contain the transgene for PSA and three

costimulatory molecules that can enhance PSA-specific T cell responses (TRICOM). It
works under two pathways — with the infection of dendritic cells and somatic cells
respectively. For pathway 1, the vaccinia virus harnesses the ability of DCs to express MHC
class I/PSA epitopes to trigger the activation and proliferation of PSA-specific CD8+ T
lymphocytes which induces programmed cell death (PCD) in tumour cells after circulating
to tumour cells (62). For pathway 2 when somatic cells are infected by the vaccinia virus
which induces the direct activation of PSA-specific CTLs, and natural killer (NK) cells which
causes PCD in somatic cells. This mechanism harnesses the cross-presentation ability of
DCs as dead somatic cells are engulfed by mature DCs and PSA cross-presented, which

further stimulates PSA-specific CTL activation, inducing PCD of tumour cells (62).

In a phase | study, significantincrease in CD4+ and CD8+ tumour infiltration has been shown
in patients who were treatment naive or recurrent after primary radiotherapy (63). At phase
II, it demonstrated an 8.5-month improvement in median overall survival, in men with
metastatic castration-resistant PCa (mCRPC) (64). At phase Il trial in asymptomatic or
minimally symptomatic mCRPC, Prostvac was proven to be safe and well tolerated.
However it had shown no superior effects on overall survival and alive without events (AWE)
compared to the placebo (65). Safe toxicity profile and in vivo immunogenicity in Prostvac
allow opportunities for clinical trials with other therapeutic agents such as enzalutamide
(nonsteroidal antiandrogen) (66), ipilimumab (CTLA-4 inhibitor) (67), and nivolumab (PD-1
inhibitor) (68). The immunotherapeutic combination of ipilimumab and Prostvac has shown

early safety results in clinical studies (67).
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Developing ROP-PSA as DC-based vaccine for PCa

Recombinant Overlapping Peptides (ROPs) are an innovative cancer vaccine strategy
developed in our laboratory. This project aimed to develop an ROP which targets PSA as a

tumour-associated antigen expressed by PCa.

4 4 : ] 1 ! ! ]
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Figure 2 | (A) making ROP from single target protein. The top blue bar indicates the wild type
PSA, while the multi-color bars represent recombinant overlapping peptides, being linked together
by cathepsin S cleavage sites to form a long peptide sequence; (B) ROP-PSA protein (OVM300)
with LRMK (cathepsin S cleavage sites) highlighted in yellow. Apart from the start and end ROP,
an LRMK sequence is used to divide two 30-amino acid sequences.
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Mechanism of action

Based on combining multiple T cell epitopes, the approach involves identifying a set of
overlapping amino acid sequences constituting a single-chain peptide representing the
sequence of PSA. The overlapping regions allow the possibility for epitope diversity and
between each overlapping region is an enzymatic cleavage site specific for cathepsin S
which is a key protease located in endolysosomes of DC, the professional antigen
presenting cell linking innate and adaptive immune response. This strategy harnesses DC'’s
potential of priming both CD4+ and CD8+ naive T cells by its ability to be presented by MHC
class | and Il molecules, triggering robust cell-mediated anti-tumour immunity.
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Figure 3 | Brief illustration of predicted mechanism of action of ROP-PSA created with
BioRender.com. (1) Intact ROP-PSA is taken up by dendritic cells. (2) ROP-PSAs are digested by
cathepsin S in endolysosome. (3) Antigen loading to MHC I and MHC II molecules. (4) Antigen-
loaded MHC molecules are transported in vesicles to plasma membrane. (5) MHC II/peptide and
MHC I/peptide complexes are presented and cross-presented to CD4+ T cell and CD8+ T cell on cell
surface respectively to activate T cells. Costimulatory signals and cytokine release facilitate the
survival and differentiation of T cells.

ROP-PSA presentation by MHC | and Il molecules in dendritic cells
Dendritic cells are professional antigen presenting cells in the immune system which can
present MHC | and Il molecules to activate naive CD8 T cells and CD4 T cells to become

effector T cells. MHC Il molecules are comprised of one a and one B chain which are
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synthesized in the endoplasmic reticulum (ER) and stabilised by the invariant chain which

is a chaperone molecule for the stabilisation of its structure(69). Cathepsin S is a cysteine
endoprotease which recognizes LRMK sequence and regulates invariant chain (li)
degradation in antigen-presenting cells (70). Digestion of li by cathepsin S facilitates the
dissociation of class ll-associated invariant chain peptide (CLIP) from MHC II, enabling
antigen loading. After maturation, the heterotrimer (a/p/li) is translocated to MHC class Il
enriched compartment (MIIC), such as late endosome (69). Consequently, MHC |l/peptide
complexes move to cell membrane and are presented to T cell receptors of CD4+ T
lymphocytes (69). MHC Il proteins can contain and present peptides of 13-25 amino acids

due to their open binding groove (71).

ROP utilises the exogenous pathway to cross present peptide fragments to the surface of
some subsets of dendritic cells to stimulate CD8+ T cells. Upon phagocytosis, ROPs are
expected to be processed by the cathepsin S in the endosome. In addition to the MHC class
Il pathway as mentioned above, some of the peptides are expected to bind to MHC |
molecules in the cytosol by unknown mechanisms (72). There are two possible pathways
being generally discussed: the vacuolar pathway and the cytosolic pathway. In vacuolar
pathway, exogenous proteins are internalised via phagocytosis and digested by cathepsin
S in endo/phagolysosomes where digested peptides are loaded onto MHC | molecules.
ROPs are expected to be directly transported from the endolysosomes into a vesicular
loading compartment (73,74), without passing through transporter associated with antigen
processing (TAP) protein into the ER. Related evidence includes sensitivity to inhibitors of
lysosomal proteolysis (75) and resistance to proteasome inhibitors (76). In summary,
antigen loading can occur in both ER and endolysosome. MHC | proteins are only able to
accommodate peptides of 8-10 amino acids as conserved tyrosine residues close the

binding groove at both ends (71).
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Cross presentation via the cytosolic pathway as the name suggests indicates engulfed

proteins undergo degradation by the proteasome in the cytosol (76). It is hypothesized that
ROPs enter this pathway through escaping endo/phagolysosome and are further trimmed
by proteosome. Subsequently, digested peptides are transported into the ER by TAP. MHC
| molecules are produced in the ER; however, peptide loading on MHC | does not necessarily
happen in the ER. Relevant evidence for this pathway includes sensitivity to proteasome
inhibitors (77) and the recruitment of TAP and MHC |/peptide complex in phagosomes and

endosomes (78,79).

Antigen presentation occurs in different ways in different MHC molecules. MHC | presents
peptides derived primarily from cytosolic proteins while MHC Il present longer antigenic
peptides from the endocytic pathway (80). For the possibility of proteolytic degradation by
the ubiquitin-proteasome system (UPS) in the cytosol and endolysosomal proteases, ROPs
are designed to have a length of 30 amino acids between two cathepsin S cleavage sites
(LRMK), so that the length of resultant peptide fragments can accommodate to both MHC |

and MHC Il molecules.

ROP-based vaccines compared to other cancer vaccines

Peptide-based vaccines are designed to represent full or portions of a tumour-associated
antigen for vaccination. In cancer immunotherapy, peptide-based vaccines are generally
safe, well-tolerated and inexpensive to manufacture. By designing a pool of overlapping
peptides instead of a single-epitope peptide, this design can theoretically overcome MHC
restriction and has demonstrated promising pre-clinical efficacy and certain clinical efficacy
as the overlapping regions allow the possibilities for epitope diversity (81,82). ROPs as
produced recombinantly as a single-chain polypeptide may be advantageous for

manufacturing and drug approval compared to synthetic peptide pools (82). ROP-survivin
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has been shown to stimulate both CD8+ and CD4+ T cell immune responses in in vivo

marine studies with the potential to overcome HLA allotype restrictions (81). Not only does
it provide a broader immunogenic effect compared to single epitope peptide vaccines, but

also prevents off-target responses compared to vector-based vaccines.

Other potential cancer vaccines include DNA/RNA, vector-based and mRNA vaccines, etc.
DNA/RNA vaccines are also inexpensive to produce with the advantage of not constricting
to HLA subtypes, but they are unstable and can be rapidly eliminated (83,84). ACTs such
as CAR-T cell therapy have proved clinically effective to prolong overall survival especially
in haematological cancers but they are personalised and very expensive. mRNA vaccines,
particularly after the COVID-19 pandemic, was found to have great potential for cancer
immunotherapy. It is inexpensive, safe, well tolerated, and allows scalable production (85).
Moreover, it can efficiently express multiple tumour antigens in antigen-presenting cells to
facilitate both humoral and cellular adaptive immune response (85). The concept of ROP-
based vaccines is the overlapping sequences linked by cathepsin S substrate sequence
(LRMK). ROP sequences can be converted in silico into mRNA sequences and become
MRNA-ROP vaccines; they can also be inserted into a vector to become vector-ROP

vaccines.

Aim of this research project

We hypothesized that ROP-PSA, a recombinant artificial protein representing overlapping
sequences of PSA, can be successfully and economically expressed by E. coli system,
purified and cleaved efficiently by cathepsin S at LRMK sites, as well as trigger cytokine and

chemokine release upon uptake by dendritic cells.
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This project aims to develop and optimise the process of ROP-PSA expression and

purification, and subsequently study the mechanism of activation of DCs in vitro using
dendritic cell line DC2.4 by cytokine array assay. Cathepsin S digestion assay will be
conducted to test if ROP-PSA can be efficiently cleaved to overlapping peptide sequences
in the dendritic cells. This work is important for further vaccine development e.g. in vivo

studies, and inform the production and optimisation of other clinically relevant ROPs.
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Methods

Transformation

Both BL21 and DH5a cells are used in plasmid transformation. BL21 as protease deficient
genetically engineered competent E. coli cells are used primarily for protein expression while
DH5aq, also genetically engineered competent E. coli cells, possess a recA1 mutation and

are mainly for plasmid transformation. As the plasmids for OVM-300 were delivered

internationally on filter paper, DH5a were also used to produce purer plasmids.

A.ROP-CTL-PSA

10 20 30

40 50

MPALGTTCYA SGWGSIEPEE FLTPKKLQCV LRMKIEPEEF LTPKKLQCVD LHVISNDVCA

70 80 90

100 110

50 60

KHSQPWQVLV ASRGLRMKHS QPWQVLVASR

10 20 30 40
60 MHHHHHHENL YFQGMAPLIL SRIVGGWECE
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120 GRAVCGGVLV HPQWVLLRMK RAVCGGVLVH PQWVLTAAHC IRNKSVI

QVHPLRMKDL HVISNDVCAQ VHPQKVTKFM LCAGRWTGLR MKQKVTKFML CAGRWTGGPL
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190 200
MKVSHSFPHP LYDMSLLKNR

250 260
ELTDAVLRMK MLLRLSEPAE

310 320
YASGWGSIEP EEFLLRMKCY

370 380

210 220
FLRPGDDSSH DLLRMKKNRF LRPGDDSSHD LMLLRLSEPA

270 280
LTDAVKVMDL PTQEPALGTT LRMKKVMDLP TQEPALGTTC

330 340
ASGWGSIEPE

230 240

290 300

350 360

EFLTPKKLQC VDLHVISNLR MKTPKKLQCV

390 400

410 420

DLHVISNDVC AQVHPQKVTK FMLRMKDVCA QVHPQKVTKF MLCAGRWTGG KSTCSGLRMK

430 440
LCAGRWTGGK STCSGDSGGP

490 500

LVCNGVLQGI

510

450 460

470 480

LRMKDSGGPL VCNGVLQGIT SWGSEPCALP

520

ERPSLRMKTS WGSEPCALPE RPSLYTKVVH YRKWIKDTIV ANP

C. ROP-CTL-PSA OVM300
Molecular 14613.38 58821.05
weight
Theoretical 8.99 9.52
pl
Amino acid 131 523
number
Composition | Ala(A) 64.6%  [eu(L)1410.7% | cys(c)193.6% | Leu (L) 66 12.6%

Arg (R) 53.8%
Asn (N) 3 2.3%
Asp (D) 43.1%
Cys (C) 86.1%
GIn (Q) 75.3%
Glu (E) 64.6%
Gly (G) 107.6%
His (H) 43.1%
lle (1) 5 3.8%

Lys (K) 11 8.4%
Met (M) 6 4.6%
Phe (F) 43.1%
Pro (P) 86.1%
Ser (S) 53.8%
Thr (T) 96.9%
Trp (W) 32.3%
Tyr (Y) 10.8%
Val (V) 12 9.2%
Pyl (0) 00.0%
Sec (U) 00.0%

Ala (A) 24 4.6%
Arg (R) 34 6.5%
Asn (N) 10 1.9%
Asp (D) 21 4.0%
Gln (Q) 21 4.0%
Glu (E) 21 4.0%
Gly (G) 397.5%
His (H) 27 5.2%
lle (1) 14 2.7%

Lys (K) 34 6.5%
Met (M) 24 4.6%
Phe (F) 13 2.5%
Pro (P) 34 6.5%
Ser (S) 39 7.5%
Thr (T) 24 4.6%
Trp (W) 12 2.3%
Tyr (Y) 71.3%
Val (V) 40 7.6%
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Figure 4 | Main characteristics of ROP-CTL-PSA and OVM300. (A) The amino acid sequence
for ROP-CTL-PSA. (B) The amino acid sequence for OVM300. (C) Comparing main characteristics
between ROP-CTL-PSA and OVM300. (D) The plasmid map for OVM300.

The plasmid used in this assay was cloned into pET-30a vector (Figure 4D), designed by
Oxford Vacmedix, sent and shipped from Changzhou Niujin Shisong Biotechnology
Company Ltd. (CNSB). The part of the filter paper which contained the plasmid was cut out
within the pencil line and was folded and put into a 500 uL Eppendorf tube with a needle
hole at the bottom which was placed inside a 1 mL Eppendorf tube to collect plasmid-soaked
buffer. 50 uL of Tris-EDTA buffer was added to soak the paper which was then incubated
for 10 minutes and centrifuged at 20000g for 1 minute to collect plasmid in solution. A tube
of DH5a competent E. coli cells and a tube of BL-21 competent E. coli cells were thawed on
ice until the last ice crystals disappear without vortex and mixed gently. The concentration
of the plasmid was measured on Nanodrop, and 1-5 uL (1 pg - 100 ng) of plasmid DNA was
added to the cells. The tube was carefully flicked 4 — 5 times to mix cells and DNA without
vortexing. After 30 minutes of incubation on ice, BL21 and DH5a were heat shocked for 10

seconds and 30 seconds respectively before another placement on ice for 5 minutes. The

Developing recombinant overlapping peptides for prostate specific antigen as vaccine



24
cell mixtures were then incubated with 950 uL of SOC medium at 37°C, 250 rpm for 60

minutes.

As the plasmid is kanamycin resistant, LB agar was made with the addition 50 ug/mL
kanamycin, which was then used to make selection plates. Table 1 has demonstrated the
volume of each cell mixture spread onto their respective selection plate. The plates were

then incubated overnight at 37°C.

Table 1 | Distribution of cell samples onto selection plates.

Plate 1 Plate 2 Plate 3 Plate 4 Plate 5
50uL BL21 with | 50uL BL21 with | 200puL BL21 with | 50uL. DHS a 200uL DHS a
positive control | plasmid plasmid with plasmid with plasmid

Plasmid extraction

The method was used to increase plasmid purity for protein purification. The GeneJET
Plasmid Maxi Prep Kit was used in this case. A single transformed DH5 a colony was
transferred by a pipette tip to 250 mL LB and cultured to an ODeoo of 2-3. The cells were
harvested by centrifugation for 10 minutes at 5000 x g and the supernatant was discarded.
The pelleted cells were resuspended in 6 mL of Resuspension Solution containing RNase
A Solution. 6 mL of Lysis Solution was added and mixed gently by inverting the tube 4-6
times until the solution becomes viscous and slightly clear. The mixture was incubated at
room temperature for 3 minutes only. Neutralization Solution (6 mL) was added and mixed
immediately by inverting the tube 5-8 times. 0.8mL of the Endotoxin Binding Reagent was
added and mixed immediately by inverting the tube 5-8 times and the mixture was incubated
for 5 minutes at room temperature. It was noted that the neutralized bacterial lysate
appeared cloudy and contained white precipitate. 6 mL of 96% ethanol was added and
mixed immediately by inverting the tube 5-6 times. The mixture was centrifuged for 40

minutes at 5000 x g to pellet cell debris and chromosomal DNA. The supernatant was
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transferred to a 50mL tube without disturbing the white precipitate. 6 mL of 96% ethanol was

added into the supernatant and mixed immediately by inverting the tube 5-6 times.

Part of the sample (~20 mL) was transferred to the column, centrifuged for 3 minutes at
2000 x g and the flow through was discarded. This process was repeated to process
remaining lysate through the purification column. Wash solution | in isopropanol (8 mL) was
added to the purification column which was centrifuged for 2 minutes at 3000 x g. The flow-
through was discarded. The column wash was repeated with Wash solution Il in ethanol
twice. The column was centrifuged for 5 minutes at 3000 x g to remove residual Wash
solution and transferred to a fresh 50 mL collection tube. 1 mL of Elution Buffer was added
to the centre of the purification column membrane and the column was incubated for 2
minutes at room temperature and centrifuged for 5 minutes at 3000 x g to elute plasmid
DNA. The purification column was discarded. The purified plasmid DNA was used for

bacterial transformation.

Protein purification for ROP-PSA

Fermentation and protein expression

A single transformed BL21 colony was picked into 100 mL LB (50 ug/mL Kan) and cultured
overnight at 37°C, 250 rpm. The overnight culture was then diluted 20 times with fresh,
autoclaved LB to make up 2 L and cultured until the OD600 reached 0.8. Then IPTG (final
concentration of 0.5 mM) was added to induce protein expression and incubation continued
at 37°C for 4 hours. The cells were harvested by centrifugation at 5000 x g for 20 minutes,

weighed and frozen at -20°C before sonication.
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Bacteria treatment

Once completely frozen, the harvested cells were resuspended in water at a ratio of 1:30
(net weight of cells: volume of water), and mixed by pipetting. The cell mixture was then

centrifuged at 5000 x g for 30 minutes. A pellet was obtained after two washings.

Ultrasonic disruption of bacteria
The cells (pellet) were resuspended in sonification buffer (20 mM Tris-HCI pH 8.0, 1% Triton-
100, 2 M Urea) at a ratio of 1:30 with addition of one tablet of protease inhibitor. Ultrasonic

output power was set to 30%, 10 seconds on and 10 seconds off for 60 cycles.

Inclusion body washing

After ultrasonic treatment, the suspension was centrifuged at 20000 x g for 20 minutes. The
inclusion body (pellet) was then weighed and resuspended with inclusion body washing
buffer (20 mM Tris-HCI pH 8.0, 2 M urea) at a ratio of 1:30, then centrifuged at 20000 x g
for 20 minutes. The washing was repeated twice, and the inclusion bodies (pellet) were

weighed for later use.

Denaturation

The inclusion bodies were resuspended with denaturation solution (20 mM pH 8.0 Tris-HCI,
8 M urea, 0.3 M NaCl, 2 mM dithiothreitol (DTT), 20 mM imidazole) at a ratio of 1:25 until
the mixture became homogeneous. The mixture was then stirred slowly at 4°C overnight for
denaturation. The denatured inclusion bodies solution was centrifuged at 20000 x g for 30

minutes and the supernatant was obtained for nickel column chromatography.

Nickel column chromatography
A Ni-NTA resin column was prepared according to the concentration of protein (1 mL of

resin can elute 20 mg protein as per product characteristics).
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Batch spin method

The nickel resins were pipetted into a reaction tube (usually a 50 mL conical tube would be
sufficient) and centrifuged at 500 x g for 5 minutes. The storage buffer on top was removed
by careful pipetting. The resins were washed with pure water for 20 column bed volumes
and centrifuged at 500 x g for 5 minutes. Water on top was removed by careful pipetting. To
equilibrate the nickel resins, they were mixed with 20 column bed volumes of solution A (20
mM imidazole, 0.3 M NaCl, 2 mM DTT, 8 M urea, 20 mM Tris-HCI pH 8.0) and centrifuged
at 500 x g for 5 minutes. Excess solution on top was removed. The equilibration process is
recommended to repeat once. The denatured protein supernatant was added to the reaction
tube and incubated for one hour at 4°C, centrifuged at 500 x g for 5 minutes afterwards and
excess protein lysate removed. 5 column volumes of solution A were added to wash the
resins. Washing includes mixing the solution with resins, incubating at 4°C for 10 minutes,
centrifuging at 500 x g for 5 minutes and removing excess buffer. This ought to be
implemented four times. The resins were then mixed with 5 mL of 5% solution B in solution
A (34 mM imidazole, 0.3 M NaCl, 2 mM DTT, 8 M urea, 20 mM Tris-HCI pH 8.0) to elute out
impurities. The mixture was incubated at 4°C for 10 minutes, centrifuged at 500 x g for 5
minutes and excess buffer removed. Subsequently, 5 mL of 60% solution B in solution A
(188 mM imidazole, 0.3 M NaCl, 2 mM DTT, 8 M urea, 20 mM Tris-HCI pH 8.0) was mixed
with resins to elute out ROP-PSA. The supernatant was obtained. Finally, 5 mL of 100%
solution B (300 mM imidazole, 0.3 M NaCl, 2 mM DTT, 8 M urea, 20 mM Tris-HCI pH 8.0)was
mixed with resins with the aim to wash out other unwanted impurities. The supernatant was

obtained for further analysis on SDS-PAGE and western blot.
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Gravity flow method

The nickel resins were pipetted into a column with a filter paper at the bottom. It is important
to keep the nickel resins wet. After storage buffer flew through, the column was washed with
20 column volumes of ddH20. Nickel resins were equilibrated with 20 column bed volumes
of solution A. A portion of less than 35 mL of samples was loaded to the column. After
washing with 15 column bed volumes of solution A and 5 column bed volumes of 5% solution
B, 5 mL of elution buffer (60% solution) was applied and the eluate was collected. The
column was then washed with 100% solution B to elute impurities. This process was

repeated for the remaining sample (less than 35 mL).

Washing Mechanism

To preserve the continuous use of the nickel column, it was washed with five column
volumes of 20 mM Tris-HCL pH 8.0, 300 mM imidazole (without reducing agents), 20 column
bed volumes of pure water, 10 column volumes of 20% ethanol and stored in 20% ethanol

at 4 degrees.

Refolding
As ROP-PSA was solubilised and unfolded due to denaturation, refolding was conducted

for the protein to return to the correct conformation and reach a biologically active form.

After optimisation, the following refolding solutions were used for step-by-step dialysis:

Solubilisation Denaturant Redox system | Detergent
buffer
Refolding 20 mM Tris-HCI, | 4 M urea 1 mM GSH/0.1
solution 1 300 mM NaCl mM GSSG
Refolding 20 mM Tris-HCI, | 2 M urea 1 mM GSH/0.1 | 0.5% sarkosyl
solution 2 300 mM NaCl, mM GSSG
400 mM arginine
Refolding 20 mM Tris-HCI, | 1M urea 1 mM GSH/0.1 | 0.5% sarkosyl
solution 3 300 mM NaCl, mM GSSG
400 mM arginine
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Refolding 20 mM Tris-HCl, 1 mM GSH/0.1 | 0.25% sarkosyl
solution 4 300 mM NaCl, mM GSSG

200 mM arginine
Refolding 20 mM Tris-HCl, 1 mM GSH/0.1 | 0.1% sarkosyl
solution 5 300 mM NaCl, mM GSSG

200 mM arginine
Refolding 20 mM Tris-HCI,
solution 6 300 mM NaCl,

200 mM arginine

The pH for all refolding solutions was adjusted to between 7.2 and 7.6 for subsequent DC2.4

cell assays.

Before dialysis, all refolding solutions were prepared so that their volume was controlled 40
times of that of the collected target protein. The sample was placed in the SnakeSkin™
dialysis bag and dialysed for over 4 hours in each refolding solution at 4 degrees. It is
suggested to undergo dialysis in refolding solution 1 overnight for the stabilisation of protein
structure. The sample was taken for SDS-PAGE to check purity after renaturation. Then the
liquid was placed at 4°C for one to two days to make sure there was no visible precipitation
caused by aggregation. The sample was stored at -20°C for future use. However, repeated

freeze-thaw process should be avoided in case of protein degradation.

Endotoxin Removal

Thermo Scientific Pierce High Capacity Endotoxin Removal Resin (86) was used to remove
up to 99% of endotoxin and recovery is no less than 85% according to manufacturer. The
spin column was centrifuged at 500 x g for one minute to remove the storage buffer. The
column was washed with 0.2 N endotoxin-free NaOH overnight, followed by 2 M endotoxin-
free NaCl and water for one minute each. The sample was spun down and concentrated to
1-2 mL. After equilibration with endotoxin-free phosphate-buffered saline for three times, the
column was pipetted with sample and incubated at 4°C with gentle end-over-end mixing for

1 hour. The column was centrifuged at 500 x g for 1 minute to collect the sample. Endotoxin
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level was measured using the Thermo Scientific Pierce LAL Chromogenic Endotoxin

Quantitation Kit.

SDS-PAGE

One 4-20% 10 well comb, 50 uL/well gel (Mini Protein TGX stain free, Biorad #456-8096)
was obtained from 4°C cold room. 10x running buffer was prepared by dissolving 30.0 g of
Tris base, 144.0 g of glycine, and 10.0 g of SDS in 1000 ml of H20. The pH of the buffer
should be 8.3 and no pH adjustment is required. 1x running buffer was prepared fresh before
running the SDS-PAGE gel. The gel holder was assembled so that the well side of the
cassette faced inwards while noting anode and cathode. The running buffer was poured into
the gel box, making sure there was no leak. The gel holder was placed into the

electrophoresis box and the tank was filled with running buffer up to 2 gel mark in the tank.

The samples were prepared with the addition of loading buffer to desired concentration and
boiled to 95°C for 7 minutes and cooled down to 4°C. The protein marker (PageRuler Plus
prestained protein ladder) was thawed. 7 pL of the marker and samples of same volume
were loaded into the wells using P20 Gilson pipette slowly. The lid for the electrophoresis
box was placed to match the terminal colours and plugged into the power pack. Running
time and constant voltage were set up until the bottom rainbow marker reached almost the
end of the cassette. For the first 15 minutes the voltage was set to 80 V and for the remaining
45 minutes it was set to 120 V. After running, the gel cassette was removed from the gel
box and was opened by inserting the edge of the comb in the slot opposite the sample wells

and twisting. The top plate was removed from the gel cassette.

For coomassie blue protein staining, the unwanted sides of the gel were trimmed. The cut

gel was incubated in InstantBlue™ Ultrafast solution for 15 minutes at room temperature on
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a shaker. It was washed in ddH>O for 5 minutes three times on a shaker at room

temperature and then left in ddH2O with shaking overnight. The gel was placed on Biorad
ChemiDoc imaging reader with the setting coomassie blue. The file was saved for later

analysis.

Western blot

Transfer

A Trans-Blot Turbo (Biorad), mini format 0.2uM Nitrocellulose single application (#1704158)
kit was obtained from 4°C storage. The kit stack was set up on transfer cassette, with
membrane, gel and filter paper and made sure that there were no air bubbles between layers
using the roller. The cassette was closed with locks secured on the sides. The program for
transfer was setto 1.3 A, 25V and run for 7 minutes. The gel was discarded. The membrane

was cut to desirable size.

Ponceau staining

The membrane was placed in Ponceau stain on a shaker for 5 minutes. While the stain was
discarded, the membrane was washed in ddH2O for 5 minutes. The membrane was
observed and recorded for protein presence. It was then washed with PBS for 2 minutes

twice on shaker.

Blocking
The membrane was incubated in sufficient 5% skimmed milk in PBS-Tris to completely cover

the membrane for 1 hour at room temperature on shaker.
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Primary antibody incubation

The primary antibody was prepared by adding HRP Anti-polyHistidine antibody into 5%
skimmed milk in PBS-Tris at 1:2000 to make up a total volume of 5 - 7.5 mL. The membrane
was removed from the blocking solution, placed in a 50 mL Falcon tube and incubated with

primary antibody solution on roller at 4°C overnight.

Development

The membrane was removed from primary antibody incubation and washed in PBS-Tris for
5 minutes three times on a shaker at room temperature. From the SuperSignalTM West
Dura Extended Duration Substrate (LOT UC279798) kit, equal volume of stable Peroxide
buffer and Enhance solution was mixed. The membrane was placed on a flat surface and
approximately 300 pL of development solution was pipetted evenly onto the membrane. For
highly expressed protein, typically less than 20 seconds of development time was enough.
However for protein of low concentration, development time can be up to 10 minutes. The
membrane was placed in a plastic sleeve and excessive liquid was excluded using roller

and tissue paper.

Imaging

The membrane was placed on Biorad ChemiDoc imaging reader with multi-channel
chemiluminescence setting for band reading and colorimetric for ladder reading. The
exposure time was set to 2 minutes with an image taken every 5 seconds. The two readings

were then combined to generate a western blot image.

BCA assay
Albumin standard samples were prepared with Pierce™ BCA Protein Assay kit (87) and

diluted with buffer (20 mM Tris-HCI, 300 mM NaCl, 200 mM arginine pH 7.4) to concentration

Developing recombinant overlapping peptides for prostate specific antigen as vaccine



33
of 2000, 1500, 1000, 750, 500, 250, 125, 25 and 0 pg/mL. The ROP-PSA samples were

prepared and diluted if needed. 25 yL of standards and samples were pipetted into a 96-
well plate in which 200 uL of working reagent was added to each well. The plate was
incubated at 37°C for 30 minutes and cooled to room temperature before measuring the

absorbance at 562 nm on a plate reader.

To generate a standard curve, first of all the average 562 nm absorbance measurement of
the blank standard replicates was subtracted from the 562 nm measurements of all other
individual standard and unknown sample replicates. Therefore the standard curve was
prepared by plotting the average blank-corrected 562 nm measurement for each BSA
standard vs. its concentration in uyg/mL. The concentrations for the unknown samples were

calculated using the formula of the standard curve.

DC2.4 cell subculture

DC2.4 cells were originally obtained from K. Rock (University of Massachusetts, Worcester,
Mass.) and were maintained in DC2.4 Expansion Medium which contained RPMI-1640
(Sigma Cat. No. R0883), 10% FBS (Cat. No. ES-009-B), 1x L-Glutamine (Cat. No. TMS-
002-C), 1x non-essential amino acids (Cat. No. TMS-001-C), 1x HEPES Buffer Solution (Cat.

No. TMS-003-C) and 0.0054x B-mercaptoethanol (Cat. No. ES-007-E).

When DC2.4 cells were approximately 80%-85% confluent, the medium was carefully
removed from the T75 tissue culture flask containing the confluent layer of DC2.4 cells. Cells
were washed with sterile 10 mL PBS twice which was aspirated after each rinse. 2mL trypsin
was added to the flask which was incubated at 37°C for 5 minutes. This process could
remove the cells from the culture flask. The flask was inspected under microscope. To

ensure the complete detachment of cells, the side of the flask was gently tapped with the
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palm of my hand. 8mL of media was added and mixed to neutralise trypsin. The flask was

gently rotated to mix the cell suspension which was transferred to a 50 mL conical tube. The
tube was centrifuged at 300 x g for 5 minutes to pellet the cells. The supernatant was
discarded and the cell pellet was loosened by tapping the tip of the tube with a finger. 10 mL
of DC2.4 Expansion Medium was applied to the conical tube to resuspend the cells

thoroughly.

The number of cells was counted using a haemocytometer by adding 10 pL of cells with 20
ML of Trypan Blue. 10 yL of the mixed solution was loaded onto the haemocytometer and
counting was conducted on at least two 4x4 grids. Cell concentration (/mL) was calculated
using the following formula:

cell count

Cell concentration (number/mL) = rumber of quadrants X dilution factor x 10000

According to the calculation, the cells were plated to the desired density with split ration of

1:10 to 1:15.

Cell viability MTS assay

This assay was conducted to measure the biocompatibility of the solubilising buffer and
ingredients used in protein purification. For 96-well plate, 40,000 cells were needed per well
which was 3.84 x 108 with 20% surplus for pipetting error. Therefore 4.8 x 108 cells were
aliquoted into a 50mL conical tube which was centrifuged at 300 x g for 5 minutes. The cells
were resuspended in 12 mL of medium. Medium was prepared with 1:100 Pen-strep to avoid
contamination caused by buffers. 100 uyL cell suspension was carefully aliquoted with
multichannel pipette into a flat-bottomed 96-well plate which was incubated at 37°C for at

least 4 hours for the cells to settle. The medium was removed after settlement.
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500 mM Tris-HCI, 500 mM arginine, 1 M NaCl, 2 mM DTT, 8 M urea, 10% sarkosyl and the

solubilising buffer (20 mM Tris-HCI, 200 mM arginine and 300 mM NaCl) were prepared. Six
1 in 2 serial dilutions with medium were made for each solution and 100 uL of which was
aliquoted to its corresponding well using multichannel pipette. A triplicate for both positive
control (cells + medium) and negative control (only medium) was prepared. The 96-well
plate was incubated at 37°C overnight. The solution in each well was then removed and 100
ML of PBS was added instead. 10 yL of MTT labelling reagent was added to each well. The
plate was incubated at 37°C for 1-4 hours — 1 hour was usually enough if there was distinct
colour difference between positive and negative control. The absorbance was measured on
plate reading at 570 nm wavelength. The average 562 nm absorbance measurement of the
negative control replicates was subtracted from the 562 nm measurements of all other

replicates.

Cytokine array
This assay was applied to investigate cytokine release from DC2.4 cells upon antigen uptake
and presentation. This method was adopted from protocol provided from bio-techne

Proteome Profile Mouse Cytokine Array Kit, Panel A (88).

Sample preparation

A 6-well plate was used and approximately 1.2 x 108 DC2.4 cells were pipetted into each
well (see DC2.4 cells subculture). The cells were incubated at 37°C for at least 4 hours to
settle. Subsequently all culture medium was aspirated from the wells. For well 1, 250 pL
ROP-PSA in buffer (20 mM Tris-HCI, 300 mM NaCl, 200 mM arginine, pH 7.4) was added
to the cells so that the concentration of ROP-PSA reached 200 pg/2 mL while in well 2, that
of ROP-PSA was 40 ug/2 mL. Well 3 was used as negative control where 250 uL of buffer

was added. For well 4 nothing was added apart from cell medium for baseline cytokine
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measurement. For well 5, 4 yL of eBioscience™ Lipopolysaccharide (LPS) Solution 500x

was added so that its concentration reached 5ug/mL, which was used to compare endotoxin-
induced response with ROP-PSA. Medium was added to the wells for total volume of 2mL
in each well. The plate was incubated overnight at 37°C. Cell culture supernatant was
aliquoted to five Eppendorf tubes which were centrifuged at 300 x g for 5 minutes to obtain

sample supernatant.

Blocking

Array buffer 6 (2mL) (as a block buffer) was pipetted into each well of the 4-well multi-dish
to be used. Each membrane was removed with flat-tip tweezers from between the protective
sheets and placed in a well of the 4-well multi-dish. The number on the membrane should
be facing upward. Upon contact with array buffer 6, the blue dye from the spots will
disappear, but the capture antibodies are retained in their specific locations. The
membranes were incubated for one hour on a rocking platform shaker. The tray was oriented

so that each membrane was rocked end to end in its well.

Primary antibody incubation

When the membranes were blocking, samples were prepared by adding up to 1 mL of each
sample to 0.5 mL of array buffer 4 in separate tubes. In times of insufficient samples, array
buffer 6 was used to adjust the final volume to 1.5 mL. 15 pL of reconstituted Mouse Cytokine
Array Panel A Detection Antibody Cocktail was added to each prepared sample which was
incubated at room temperature for one hour. Array Buffer 6 was aspirated from the wells of
the 4-Well Multi-dish and the sample/antibody mixture was added instead. The dish was

incubated overnight at 4°C on a rocking platform shaker.
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Secondary antibody incubation

Each membrane was carefully removed and placed into individual plastic containers with 20
mL of 1x Wash Buffer. Each membrane was washed with 1x Wash Buffer for 10 minutes on
a rocker platform shaker for three times. Streptavidin-HRP was diluted in Array Buffer 6
using the dilution factor on the label. 2.0 mL of diluted Streptavidin-HRP was pipetted into
each well of the 4-Well Multi-dish. Each membrane was removed from its wash container,
returned to the 4-Well Multi-dish containing the diluted Streptavidin-HRP and incubated for
30 minutes at room temperature on a rocking platform shaker. The membranes were

washed three times again as described before.

Development

Each membrane was removed from its wash container. The lower edge of the membranes
was blotted onto paper towels and allowed excess Wash Buffer to drain. Each membrane
was placed on the bottom sheet of the plastic sheet protector with the identification number
facing up. 300 uL of the prepared Chemi Reagent Mix (mixed in equal volumes of Chemi
Reagent 1 and 2) was pipetted onto each membrane evenly. After optimisation, the

membranes were incubated in solution for 10 minutes.

Imaging
The membranes were placed on Biorad ChemiDoc imaging reader with multi-channel
chemiluminescence setting. The exposure time was set to 2 minutes with an image taken

every 10 seconds.

Cathepsin S Digestion Assay
1 uL of 1 M DTT was added to 200 pL of 700 ug/mL ROP-PSA (validated by BCA assay) in

an Eppendorf tube to make up 4 mM DTT. The solution was divided into two equal portions
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of 100 pyL. Human Cathepsin S (SinoBiological, 10487-H08H) was added to a final protease:

ROP ratio of 1:50 (w/w) and 1:100 (w/w). The mixture was incubated at 37°C overnight and
12 pL of sample was removed respectively at 0-hour, 0.5-hour, 1-hour, 2-hour, 4-hour, and
overnight. The extent of digestion was determined by subjecting the aliquot to SDS-PAGE.
Cathepsin digestion can be stopped by storing at -20°C or boiling up to 95°C. SDS-PAGE

gel and samples were sent to mass spectrometry analysis.
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Results

This project started with the protocol optimisation for the expression and purification of two
artificial ROPs: ROP-CTL-PSA and OVM300, especially in terms of denaturation and
refolding conditions. OVM300 was then tested in cytokine array assays with murine DC2.4
cell line to investigate cytokine release. Finally cathepsin digestion assay was conducted to

investigate cathepsin S cleavage on OVM300 via mass spectrometry.

Developing products: ROP-CTL-PSA and OVM300
Sequences for the two ROPs being developed are illustrated on Figure 4A and B. ROP-

CTL-PSA is designed based on cytotoxic T lymphocyte epitopes and OVM300 based on

both CD4+ and CD8+ T cell epitopes.

Figure 4C has listed different characteristics (molecular weight, pl, amino acid number,
composition of amino acids) that affect protein aggregation during expression and
purification. Both products are recombinant insoluble proteins that form inclusion bodies at
expression stage, require denaturant for solubilisation and are ultimately refolded to
biologically active forms. This is a time-consuming process and often requires a trial-and-
error procedure. ROP-CTL-PSA has a low molecular weight while OVM300 has a high
molecular weight which increases the risk of aggregation. Aimost half of the amino acids of
ROP-CTL-PSA and OVMS300 are hydrophobic (alanine (Ala, A), valine (Val, V), leucine (Leu,
L), isoleucine (lle, 1), proline (Pro, P), phenylalanine (Phe, F) and cysteine (Cys)). High
molecular weight and high composition of hydrophobic residues in E. coli expression system
increase the possibility of inclusion bodies formation which is a cytoplasmic insoluble
aggregate formed during expression stage (89). On the other hand, the two products have
similar theoretical pl which can affect their net charge at different pH. This could be a
decisive factor on choosing the application of chromatography and buffer pH.
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Protocol optimisation for the purification of ROP-CTL-PSA

A) 1 2 3 4 5 6 7 8 9 kDa 10 11 12
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] L]
~130
~95
~72
| ~55
~36
~28
W of ROP-CTL-PSA
~17
~10
Lane Lane label| Lane Lane Iabel|
1 Post sonication| 7 8M urea denaturation supernatant|
2 Centrifuge supernatant after sonication 8 Column flow through
3 Prewashed inclusion bodyj 9 97mM imidazole (30% solution B) elu;ed‘
4 2M urea wash 10 8M urea denaturation supernatant|
5 Solution after 8M urea denaturation 11 8M urea denaturation pellet
6 8M urea denaturation pellet] 12 6M guanidine denaturation supernatant|
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—_— ~130 b Denaturation supematan!
- | Column flow through
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-— - 7 —
— a—— ~10

Figure 5 | Expression and purification of ROP-PSA (Product: ROP-CTL-PSA). Process for
ROP-CTL-PSA expression from E. coli system and solubilisation was optimised and validated by
SDS-PAGE. Orange arrows indicate the bands for ROP-CTL-PSA. (A) Illustration of SDS-PAGE
gel analysis as a result of expression and solubilisation before (lane 1-9) and after optimisation (lane
10-12). (B) Illustration of SDS-PAGE as a result of solubilisation and purification of ROP-CTL-
PSA using nickel column chromatography. A lower concentration (10 mM) of imidazole in solution
A was trialled in this case.

Product ROP-CTL-PSA was firstly expressed in E. coli system and purified with Ni affinity
column in this project. It has a molecular weight of approximately 15 kDa, so its presence is
indicated by orange arrows (Figure 5). Remarkably visible band (purity: 5.81%) on Figure
5A lane 3 i.e. inclusion bodies represents successful expression of such protein from E. coli
expression system. With 8 M urea for denaturation, Figure 5A lanes 6 and 7 represent the
pellet and the supernatant respectively; Figure 5A lane 7 visibly has a stronger band than
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lane 6 and a higher purity. With 6 M guanidine, the purity of the sample (Figure 5A lane 12)

remarkably decreased, and the intensity of the desired band is weaker than that of Figure

5A lane 10.

Figure 5B lane b and c being almost identical indicates weak binding of ROP-CTL-PSA to
nickel column. Results from Figure 5A were not reproducible. The desired bands are weak
from imidazole eluted samples (Figure 5B lane d and e) and of low purity which indicated
unsuccessful purification from nickel column chromatography. Other purification methods
would need to be sourced. Moreover, the design of ROP-CTL-PSA may contribute to
inadequate response by both CD4+ and CD8+ T cells because of insufficient epitope

coverage. Due to time limitation another product OVM300 was expressed and tested instead.

Protocol optimisation for the purification of OVM300

1 2 3 4 5 6 7 8 9 10 kDa

- ~250

- ~130

,_
1]
>
]

[Lane]

~ 2° MW of OVM300

~55 e

Column flow through

~36
~28

5% (34mM imidazole) solution B eluted
100% (300mM imidazole) solution B
eluted protein|

Refolded protein)
Ladde!
~10

Figure 6 | Expression and purification of ROP-PSA (Product: OVM300) demonstrated by SDS-
PAGE. Original protocol for OVM300 expression from E. coli system and solubilisation and
purification was trialled. Before optimisation, no dithiothreitol (DTT) was used for expression and
inclusion bodies wash. 8 M urea and 1 mM DTT were used for denaturation, and 10 mM imidazole
(a lower concentration) was applied for in solution A. The initial refolding conditions are shown on
Table 2 row A.

OVM300 has the molecular weight of approximately 59 kDa as indicated by the orange

~17

olofo [~ Jololsfwln |

arrow. Lane 1 indicated successful expression of OVM300 from E. coli system. Little amount
of unwanted protein was washed out by 2 M urea (lane 3). Normalised ratio of the intensity

of the desired band on lane 4 (denaturation supernatant) to that on lane 5 (denaturation
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pellet) is 0.55 (<1) which indicates more protein remains in the pellet than in the supernatant.

The sample processed by nickel column chromatography (lane 8) has the purity of 9% and
only a weak band remained in lane 9 (refolded protein) due to significant precipitation.
Therefore, denaturation, nickel affinity chromatography and refolding conditions need to be

further optimised.

Denaturation

bz d Figure 7 | Illustration of SDS-PAGE gel to compare
250 the effect of 1 mM DTT and 2 mM DTT on OVM300
solubilisation. Orange arrows represents the OVM300
bands in denaturation supernatant.

o Figure 7 shows the effects of different concentration

~17

~10 of DTT in OVM300 solubilisation. 2 mM DTT was

22 2
Ny O
U'|NU'|8

Lana ane label used instead of 1 mM DTT in addition to 8 M urea in
1 1mM DTT supernatant
2 1mM DTT pellet the denaturation solution. Normalised ratio of the
3 2mM DTT supernatant
4 2mM DTT pellet

intensity of the desired band on lane 3 to that on lane
1 is 1.89 (>1) which indicates more protein was extracted by using 2 mM DTT, 8 M urea
than 1 mM DTT, 8 M urea. It was also noticeable that there is a prominent band at ~36 kDa
on lane 4 that deserved further investigation. It can be the truncated version of OVM300 or
just impurities. A western blot will be conducted for this (Figure 9). In short, denaturation

efficiency was superior with 2 mM DTT.
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Nickel chromatography
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Figure 8 | Comparing yield and purity between the application of batch spin and gravity flow
in nickel chromatography for protocol optimisation. Illustration of SDS-PAGE gels for batch
spin and gravity flow nickel column chromatography — (A) column flow through. (B) protein
elution. Solution A: 20mM imidazole, 0.3M NaCl, 2mM DTT, 8M urea, 20mM Tris-HCI pH 8.0;
solution B: 300mM imidazole, 0.3M NaCl, 2mM DTT, 8M urea, 20mM Tris-HCI pH 8.0.

Both batch spin and gravity flow methods were trialled in nickel chromatography for protocol
optimisation (Figure 8). In batch spin (Figure 8A, lane 1-3), approximately 77% of OVM300
remained in column flow through (lane 3) whereas in gravity flow (Figure 8A, lane A-C), only
5% of OVM300 was lost in the column flow through while significant amount of impurities

was washed out.
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Two bar charts were graphed for protein elution for both methods and different patterns can

be observed from the charts. Purity of samples from batch spin ranges from 67% to 86%
apart from one outlier at 50% solution B (Figure 8B, lane 8) despite the low yield. However,
gravity flow was preferred as it generally constructed a clear elution gradient where the

experiment can be designed to obtain a higher purity.

Validation by western blot

SDS-PAGE Western blot
1 2 3 4 5 6 7 kDa 1 2 3 4 5 6 7 8

. ~250
- ~130
B ~95
| ~72
~55 . : L -
| ~36 S
| ~28

MW of OVM300

’
.
I In

- 17
- ~10 -

¥ 4
o

Figure 9 | Illustration of SDS-PAGE and western blot for the
same samples (1-8). 5% solution B was applied to nickel affinity
chromatography to wash out protein impurities. Subsequently,
60% solution B was applied to obtain OVM300; then 100%
solution B was applied to wash out all proteins from the nickel
column.

Lane| Lane label
Denaturation supernatant|
Denaturation pellet|
Column flow through

5% solution B eluted
60% solution B eluted
100% solution B eluted
Column flow through ||

8| 60% solution B eluted Il|

Figure 9 shows the illustration of SDS-PAGE and western blot of the same samples from

N [o o B IN |-

denaturation and nickel affinity chromatography. SDS-PAGE was conducted here to
investigate the purity of OVM300 during purification. Western blot was used to confirm the
presence of OVM300 in the samples as the antibody used in western blot was HRP-
conjugated anti-polyHistidine which binds to histidine residues at N-terminus of OVM300.
There is presence of His-tag protein on lane 1, 2, 5 and 6. Lane 1 shows 47.08% purity of
OVMS300 in denaturation supernatant estimated by ImageLab. It is interesting to note the
possible presence of truncated OVM300 as indicated by the red bracket on lane 2 in the
denaturation pellet from SDS-PAGE and confirmed by western blot. However it could also

be non-specific antibody binding on the western blot. The purity of the band on lane 5 was
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at least 87.33%; however the purity of OVM300 might be higher given the presence of bands

of lower molecular weight on the western blot. Sample from lane 3 (column flow through
from 15t nickel column chromatography) was reapplied for purification but both SDS-PAGE
and western blot showed no signs of OVM300 in the second 60% solution B elution (lane
8). In summary, protocol for the purification of OVM300 was successfully optimised and the

project was ready to move on to solubilising the protein in biocompatible refolding solution.

Screening buffer ingredients for cell viability
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Figure 10 | Effects of individual buffer ingredients of different concentrations used in protein
purification and refolding, on DC2.4 cell viability. Graphs show mean =+ standard deviation of
triplicate technical replicates from single experiment. (A) sarkosyl; (B) DTT; (C) urea; (D) arginine;
(E) sodium chloride; (F) glycerol.
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Figure 10 shows the MTS assays to evaluate the effect on cell viability of different buffer

components so as to provide an idea for the recipe of the buffer used to solubilise OVM300

for subsequent DC2.4 cell assays.

Generally, DC2.4 cell viability decreased as the concentration of the ingredient increased.
Sarkosyl as a detergent is highly cytotoxic as cell viability remained below 10% from 10%
concentration to 0.3125%. Cell viability for DTT was between 75% and 100% even at 2 mM,;
however this experiment needs repetition as significant variability of cell viability was
observed in triplicates. Urea had a detrimental effect on cell viability as well, dropping from
90% at 0.125 M to 20% at 0.25 M, remaining below 10% from 0.5 M. Arginine, surprisingly,
seemed to affect cell viability even at the lowest concentration (12.5 mM) although the
alkaline pH environment may be a prominent contributory factor to this result. Sodium
chloride and glycerol were tolerable with cell viability higher than 80% at low concentration:
lower than 100 mM and 2.5% respectively. The results of these experiments provided

important information for refolding optimisation.

Developing recombinant overlapping peptides for prostate specific antigen as vaccine



47
Optimising refolding

Different refolding conditions trialled PI.'O?elll. Resultan.t Recovery
precipitation concentration
++

4 M urea

2 M urea, 0.1% sarkosyl

1 M urea, 0.1% sarkosyl

0 M urea

4 M urea +++
2 M urea, 0.25% sarkosyl

1 M urea, 0.25% sarkosyl

0 M urea

4 M urea, 2% Tween-80 +

2 M urea, 0.25% sarkosyl, 2% Tween-80

1 M urea, 0.1% sarkosyl, 2% Tween-80

0 M urea, 2% Tween-80

4 M urea +++
2 M urea, 0.25% sarkosyl

1 M urea, 0.1% sarkosyl

0 M urea
4 M urea, | mM DTT +++2 Mureato 0.14 mg/mL in 17.5%
2 M urea, 0.25% sarkosyl, | mM DTT 1 M urea 2.5mL

1 M urea, 0.1% sarkosyl, ]| mM DTT
0 M urea, 0.1% sarkosyl, | mM DTT

N — AW~ PN —= DW= DW= DW=

0 M urea
4 M urea, | mM DTT ++(5) to (6) 0.03 mg/mL in 27%
2 M urea, | mM DTT, 0.4 M arginine,  (overnight) 4.5 mL

0.5% sarkosyl

3. 1 Murea, ]| mM DTT, 0.4 M arginine,
0.5% sarkosyl

4. 0Murea, | mM DTT, 0.2 M arginine,
0.25% sarkosyl

5. 0Murea, | mM DTT, 0.1M arginine,
0.1% sarkosyl

6. 0 M urea, 0.1 M arginine
1. 4Murea, ] mM DTT - 0.27 mg/mL in 100%
2. 2Murea, | mM DTT, 0.4 M arginine, 2.5mL
0.5% sarkosyl Precipitation
3. 1 Murea, ] mM DTT, 0.4 M arginine,  after two days of
0.5% sarkosyl storage
4. 0Murea, | mM DTT, 0.2 M arginine,
0.25% sarkosyl

5. 0Murea, ] mM DTT, 0.2 M arginine,
0.1% sarkosyl
6. 0 M urea, 0.2 M arginine
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—_

4 M urea, | mM GSH/0.1 mMGSSG - 0.27 mg/mL in 100%
2 M urea, | mM GSH/0.1 mMGSSG, 2.5 mL
0.4 M arginine, 0.5% sarkosyl
3. 1 Murea, 1 mM GSH/0.1 mMGSSG,
0.4 M arginine, 0.5% sarkosyl
4. 0 M urea, ] mM GSH/0.1 mMGSSG,
0.2 M arginine, 0.25% sarkosyl
5. 0 Murea, ] mM GSH/0.1 mMGSSG,
0.2 M arginine, 0.1% sarkosyl

o

6. 0 M urea, 0.2 M arginine
1. 4 Murea, ]| mM GSH/0.1 mMGSSG, + 0.03 mg/mL in 30%
pH7.4 20 mL

2. 2Murea, ] mM GSH/0.1 mMGSSG,
0.4 M arginine, 0.5% sarkosyl, pH7.4
3. 1 Murea, 1 mM GSH/0.1 mMGSSG,
| 0.4 M arginine, 0.5% sarkosyl, pH7.4
4. 0 M urea, ] mM GSH/0.1 mMGSSG,
0.2 M arginine, 0.25% sarkosyl, pH 7.4
5. 0 M urea, ] mM GSH/0.1 mMGSSG,
0.2 M arginine, 0.1% sarkosyl, pH 7.4
6. 0 M urea, 0.2 M arginine, pH 7.4

1 2 3 4 kDa Table 2 | Protein precipitation under different refolding
20 conditions.
~130
~95
~72
— P— — ~55
~36
~28
~17
S 10
Lane| Lane label| Purity "/rJ
1 After refolding]  82.47
2 After refolding) 85,95 Figure 11 | SDS-PAGE for refolding, protein concentration
3 After spinning down 84.49 .
4 After endotoxin removal|  82.67| and endotoxin removal.

A variety of refolding conditions has been trialled to obtain the highest yield in the least
cytotoxic buffer environment as shown on table 2. At the end (table 2l), while the
concentration of urea was taken down gradually, sarkosyl and arginine were added as they
had similar functions as urea. Meanwhile a redox system (GSH/GSSG) was used to facilitate
a favourable environment for protein renaturation due to their abilities to oxidize thiolates
and reduce incorrect disulphide bonds (90). pH was also adjusted to 7.4 for DC2.4 cell
viability as arginine is alkalic. After refolding, it was necessary to spin down the sample to

1-4 mL for endotoxin removal. Although about 50% of OVM300 was lost by endotoxin
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removal according to Nanodrop, purity stayed stable at around 80-90% during protein

concentration and endotoxin removal process.
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Investigating biocompatibility of OVM300 and solubilising buffer in MTS assays
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Figure 12 | (A) Comparing the effects on DC2.4 cell viability between buffer (20mM Tris-HCI,
300mM NaCl, 200mM arginine, pH 7.4) and ROP-PSA (OVM300) in buffer using a paired t test
(p<0.05, df=3). Graph shows mean + standard deviation of duplicate technical replicates from single
experiment. (B) Effects of buffer of different percentages in medium on DC2.4 cell viability.
Graphs show mean + standard deviation of duplicate technical replicates from single experiment.

A paired t test (Figure 12A) was conducted to investigate if there was a statistically significant
difference in cell viability with OVM300 in buffer and buffer alone, hence deducing if OVM300
influences cell viability. Four samples of different concentration and triplicates for each
sample were used for both OVM300 and buffer. According to the two-tailed paired t test,
there was not an average difference in cell viability between OVM300 in buffer and buffer

alone (13=0.6767, p<0.05). As a result, OVM300 did not affect cell viability.

MTS assay was conducted to investigate cell viability under different concentration of the
solubilising buffer (20mM Tris HCI, 300mM NaCl, 200mM arginine, pH 7.4) to decide the

percentage proportion of OVM300 to put in for cytokine array assays. Cell viability
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maintained higher than 80% from 12.5% despite a sudden drop at 25% to below 5%. To be

safe, 6.25% was selected as the optimal percentage concentration for subsequent cell

assays.
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Quantification for ROP-PSA concentration
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Concentration

ROP-PSA Samples Absorbance
(ng/mL)
BEFORE endotoxin removal 0.364 861.79
ROP-PSA Samples Absorbance Concentration
(ng/mL)
AFTER endotoxin removal 0.325 800.095

Figure 13 | Quantification of OVM300 concentration by the application of BCA assays. (A)

Quantification before endotoxin removal. (B) Quantification after endotoxin removal.

BCA assays were conducted (Figure 13) to estimate the concentration of this artificial protein

OVMS300. The solubilising buffer (20mM Tris HCI, 300mM NaCl, 200mM arginine, pH 7.4)

was used to dilute the samples. The concentration of both OVM300 before endotoxin

removal and after endotoxin removal was investigated. A third-order fitted standard curve

was generated for both occasions. Endotoxin removal contributed to 7.16% loss in protein

in this case. More than 800ug of protein were obtained from both purification processes.
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Cytokine release confirmed by cytokine array assays

Mouse Cytokine Array Panel A Coordinates
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Figure 14 | Mouse cytokine array panel A coordinates for reference adapted from the protocol
booklet.
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Figure 15 | Effect of the treatments of
ROP-PSA, LPS and buffer alone on
cytokine release by DC24 cells of
80% confluency. (A) Comparison of
pixel density (proportionate to the
extent of cytokine release) among
different treatments on DC2 4 cells. (B)
DC2.4 cells treated by 100pug ROP-
PSA. (C) DC24 cells treated by LPS.
(D) DC24 cells treated by 6.25%
buffer (20mM Tris-HCI, 200mM
arginine, 300mM NaCl, pH 7.4) in
medium (negative control).

Figure 14 shows the coordinates on the cytokine array panel and their corresponding

cytokine. The corner dots on the left side and upper right represent positive controls and the

lower left represents a negative control. Each pair of duplicate spots represented each

cytokine, whose average signal was determined for mean pixel density. Figure 15A shows

the comparison of mean pixel density (proportionate to the extent of cytokine release)

among different treatments (100 pg ROP-PSA, LPS and buffer) on DC2.4 cells.
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confirmed from the comparison between the cytokine profile of ROP-PSA (Figure 15B) and

buffer (Figure 15D — negative control), ROP-PSA uptake triggered multiple cytokine and
chemokine release by DC2.4 cells. The cytokine profile of ROP-PSA resembled that of LPS
(Figure 15C). The level of CD54, CCL2, CCL3, CCL4, CXCL2, TNF-a release triggered by
ROP was higher than that by LPS while it was the opposite for IL-1ra, CCL12 and CCL5.
For CXCL10, it was approximately the same for both treatments. M-CSF and TIMP-1 release
was triggered by ROP but not LPS, and LPS triggered IL-6 and G-CSF release while ROP

did not.
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Figure 16 | Effect of the treatments of ROP-PSA compared with baseline on cytokine release by
DC24 cells of 80% confluency. (A) Comparison of pixel density (proportionate to the extent of
cytokine release) between ROP-PSA and medium on DC2 4 cells. (B) DC2 4 cells treated by 20ug ROP-
PSA. (C) DC2 4 cells in cell culture medium.
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Figure 17 | Effect of the treatments of ROP-PSA of different concentrations on cytokine release
by DC24 cells of 80% confluency. (A) Comparison of pixel density (proportionate to the extent of
cytokine release) between 100ug (50ug/mL) ROP-PSA and 20ug (10pug/mL) ROP-PSA on DC2 .4
cells. (B) DC2 4 cells treated by 100ug ROP-PSA. (C) DC2 4 cells treated by 20ug ROP-PSA.

The level of cytokine release represented by pixel density was compared between treatment
with low concentration of ROP (20 ug) and baseline (Figure 17). Compared with baseline
(buffer alone). 9 more cytokines were released following treatment with the lower
concentration (10 ug/mL) of OVMS300. In contrast, the pixel (level of cytokine secretion) was
generally higher in higher dose (50 pg/mL) which concluded that cytokine release was

proportionate to treatment dosage.
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Endotoxin (LPS) level of 800ug/mL ROP-PSA sample was estimated to be 5.19 E.U.
according to LPS quantification assay conducted by Yugian Ou, a laboratory colleague,
which was brought down to 0.65 E.U. in 100ug (Figure 15.B), whose concentration was at
least 3.8x10° times smaller in comparison with LPS sample used in the assays (5 ug/mL or

2.5x10° — 5x10° E.U. /mL) and thus indicated minimal effect on results.
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Investigating cathepsin S cleavage with enzyme digestion assays
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Figure 18 | ROP-PSA digestion by cathepsin S. Illustration of SDS-PAGE analysis as a result
of overnight cathepsin S digestion using different cathepsin S to ROP-PSA ratio, 1:100 w/w and
1:50 w/w. Dotted line was applied to represent the digital removal of a part of a gel. SDS-PAGE
gels were adjusted for parallel comparison.
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Figure 19 | ROP-PSA digestion by cathepsin S. (A) Illustration of SDS-PAGE analysis on two
batches of OVM300 (a ROP-PSA product) at different time points and cathepsin S digestion on for
the later batch. Dotted line was applied to represent the digital removal of a part of a gel. (B)

[lustration of Western blot analysis on two batches of ROP-PSA at different time points.

Human cathepsin S was used in this protocol with 37 kDa of molecular weight (Figure 18),

which should be the top band demonstrated on Figure 18-cathespsin S (91). The sample

has shown signs of degradation due to storage. OVM300 with approximate 58 kDa was

degraded during storage to a significant band at 28 kDa and down to 10 kDa. However for

both 1:100 and 1:50, the top band disappeared gradually over time to bands of lower
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molecular weights, especially in 1:100 where bands were more prominent due to higher

concentration of OVM300. 100:1 w/w OVM300 at 4 hours was sampled for mass

spectrometry analysis for optimal digestion at shortest time.

Figure 19 aimed to demonstrate the effect of storage on OVM300. As seen from SDS-PAGE
(Figure 17.A), the band which represents the original sequence was barely present,
remaining bands at 28-36 kDa and 10-17 kDa for the old batch, while full length was still
present for the new batch with about two months apart. However his-tag was still intact with
the band between 28 kDa and 36 kDa as shown on the western blot, while it has been

proved cytokine release was successfully triggered with sample used from the new batch.
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Investigating cathepsin S cleavage with mass spectrometry analysis

kDa
Corresponding peptides from N
Band MASCOT protein library 250
A ERPA_ECOBW ~130
K1C9_HUMAN
K1C9_HUMAN o
B K22E_HUMAN N
FER_ECOLI 55
ERPA_ECOBW
PTMA_BOVIN ~36
C K1C9_HUMAN ~28
FER_ECOLI
D SLYD_ECOLI R
K1C9_HUMAN 1(7)
E SLYD_ECOLI

Same hits for A, B, D, E but no hits for C using OVM300 sequence analysis

1 MHHHEHHHENL YFQGMAPLIL SRIVGGWECE XHSQPWQVLV ASRGLRMKXHS
51 QPWQVLVASR GRAVCGGVLV HPOWVLLRMK RAVCGGVLVH POWVLTARHC
101 IRNKSVILLG LRMKTARAHCI RNXSVILLGR HSLFHPEDTG QVFQLRMXRH
151 SLFHPEDIGQ VFQVSHSFPH PLYDMSLLLR MKVSHSFPHP LYDMSLLXNR
201 FLRPGDDSSH ELCRF LRPGDDSSHD LMLLRLSEPA EL'I‘DA
251 MLLRLSEPAE LTDAVXKVMDL PTQEPALGTIT LRMKKVMDLPF TQEPALGTIC
301 YASGWGSIEP EEFLLRMKCY ASGWGSIEPE EFLTPXKLQC VDLHVISNLR
351 MKTPKKLQCV DLHVISNDVC AQVHPQKVIX FMLRMXDVCER QVHPQKVIKF
401 MLCAGRWIGG XSTCSGLRMK LCAGRWIGGK STCSGDSGGP LVCNGVLQGI
451 LRMKDSGGPL VCNGVLQGIT SWGSEPCALP ERPSLRMKIS WGSEPCRLPE
501 RPSLYTKVVH YRKWIXDTIV ANP

Figure 20 | Tandem mass spectrometry analysis of 1:100 cathepsin S digestion at 4 hours under
37°C. Samples A-E were sent for MSMS analysis. The table shows the hits for all samples from
MASCOT protein library, while A, B, D, E has the same sequence hit in OVM300 shown in red. No hits
are present for sample C for OVM300. Cathepsin cleavage site — LRMK is bracketed in orange on the
sequence.

Five band samples were sent for tandem MS analysis to investigate cathepsin S cleavage
for OVM300 (Figure 20). The table shows peptides found in sample A to E from MASCOT
protein library. Both K1C9_HUMAN and K22E_HUMAN are keratin proteins present in
human skin tissue with a molecular weight of 64-65 kDa (92). ERPA_ECOBW and
FER_ECOLI are both iron-sulphur protein found in E. coli and have a similar molecular
weight of about 10 kDa, which are involved in a wide variety of metabolic reactions (93).
SLYD_ECOLI of 21 kDa derived from E. coli is associated with preventing aggregation and

promoting the correct folding of other proteins (94). PTMA_BOVIN stands for prothymosin
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alpha of 12 kDa which can mediate immune function by conferring resistance to certain

opportunistic infections. For lane A, B, D, E, same amino acid sequence hit
LSEPAELTDAVLR (highlighted in red in Figure 20) was found in MSMS from OVM300
sequence while there was none for C. Results will be further commented on the discussion

section.
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Discussion

ROP-PSA expression and purification from E. coli expression system

Protocol optimisation for the purification of ROP-CTL-PSA

Given the formation of inclusion bodies, both products require strong denaturant to facilitate
solubilisation of the inclusion bodies for purification. 8 M urea was initially used for this
purpose in which a large proportion of target protein was solubilised. Denaturation was then
conducted by the application of 6 M guanidine and both purity and concentration of the target
protein was lower compared to urea (Figure 5). In summary 8 M urea is stronger in

denaturing this ROP in this case.

Urea denatures protein by introducing a loss of water from the first solvation shell of protein
due to electrostatic interaction and then an in-flow of itself toward the protein (95). Guanidine
hydrochloride is an ionic denaturant and at high concentration (6 M) it acts as chaotropic
agent to break down the structure of proteins (96). The ability in denaturation is dependent
on electrostatic interactions with the individual protein. However, SDS-PAGE cannot be used

for the analysis of guanidine-processed protein without ethanol precipitation.

Looking into the composition of ROP-CTL-PSA, above one fifth of amino acids is made up
of cysteines which form inter- and intra-molecular disulphide bonds during oxidative folding
between the thiol groups of residues. Although it is unlikely to calculate the number of
disulphide bonds from the amino acid sequence of an artificial protein, the number of
cysteine residues is proportionate to the number of unpaired free thiols which increase
possibility of forming random disulphide bonds during refolding and producing covalent
aggregates (97). In this case, a reducing agent, dithiothreitol (DTT) at 1 mM was used to

break disulphide bonds and reduce insoluble aggregates during denaturation.
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Ni-NTA Agarose was used for nickel affinity chromatography across two proteins. It is used

to bind histidine residues in the 6xHis tag to the vacant positions in the coordination sphere
of the immobilized nickel ions (98). Since a His-tag was not present in the sequence of ROP-
CTL-PSA, nickel affinity chromatography was not able to capture target protein and vast
majority of solubilised protein flew through the nickel column. Another purification method
may need to be sourced e.g. ion exchange chromatography and size exclusion

chromatography.

Protocol optimisation for the purification of OVM300

Comparison between E. coli, yeast, insect and mammalian cell expression systems

Both OVM300 and ROP-CTL-PSA were expressed in E. coli which are fast-grown at high
cell density from readily available and affordable media. It is also efficient and
straightforward to conduct transformation with exogenous DNA plasmids from as little as 5
minutes (99). BL21 cells as an E. coli strain are chosen as a host whose hsdSB mutation
prevents plasmid loss and thus disrupts DNA methylation and degradation. However, the
presence of outer membrane protease OmpT can induce digestion of extracellular proteins,
especially during cell lysis (100). Also, the introduction of a foreign plasmid in E. coli results
in the loss of the spatio-temporal control of its expression. Therefore the recombinant protein
is expressed in the cytosol of E. coli whose pH, osmolarity, redox potential, cofactors and
folding mechanisms are not controlled. Also, more hydrophobic groups are available for
interactions in high concentration. These factors are contributory to the formation of
insoluble inclusion bodies (101). There is also a risk of toxicity using bacteria to express
proteins. To troubleshoot, protease inhibitor was added during sonication to hamper OmpT
action on target protein. Denaturation with high concentration detergent was implemented
to solubilise target protein out of inclusion bodies. Finally, endotoxin was removed to avoid

toxicity in cell-based assays.
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E. coli is usually the first host cell to be considered for recombinant protein development,
accounting for 60% among all expression systems from 1995 to 2009 (102). Apart from
bacteria, using yeast, insect, mammalian cells to express complex recombinant proteins is
common too. Yeast as a eukaryotic cell, makes a remarkable system for the expression of
recombinant eukaryotic proteins. It is also easy and fast to grow using fermentation (103). It
was suggested by Bill, 2014 (104) to consider it as first choice host given the ability to screen
for the expression of recombinant genes in both E. coli and yeasts. Mammalian systems
seem to be the most straightforward answer for expressing mammalian proteins at its native
state with complete biological activity. However, this application is expensive and requires
complex technology and materials such as suitable cell lines and vectors (105), which may
not be suitable in a simple laboratory setting. Last but not least, insect cells are suitable for
high-yield expression similar to mammalian systems (106). Likewise, it requires a vector i.e.
baculovirus and similar expertise; moreover, the expression levels vary between different
proteins. For example, secreted glycoproteins i.e. PSA are usually expressed at a lower

level (107).

Studies have shown that antigen glycosylation is important to facilitate antigen presentation
by MHC | and Il complexes (108). It can encourage antigen uptake by DC receptors which
contain glycan-binding sites (109), influence proteolytic processing of protein antigens by
blocking the action of proteases (110), and survive unintended lysosomal degradation (108).
Therefore, it is important to maintain a certain level of wild-type glycosylation in ROP-PSA

from the expression stage.

Glycosylation was generally considered to happen in eukaryotes. Mammalian systems
especially are advantageous for the production of human type glycans for functional

interaction with human cells but are seldomly used in laboratory settings due to cost and
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susceptibility to viral and bacterial infections (111). However, there are however a few

strategies to engineer E. coli to increase the efficiency of glycoprotein production in E. coli.
The codon optimisation of PglB from C. jejuni has been shown to increase glycosylation
significantly by accepting and transferring the eukaryotic core glycan to target proteins (112).
Other than that, inverse metabolic engineering through high throughput screening using
soybean agglutinin peroxidase reactions is also helpful by reducing the metabolic burden to
the host (113). With these recent advances, the future of industrial glycoprotein production

from E. coli seems very bright.

Increasing protein solubility

While it is mostly inevitable for recombinant proteins to become insoluble because of
misfolding when overexpressed in a heterologous host e.g. E. coli (114) related to
hydrophobic residues on the surface of the protein, there are strategies to increase soluble
expression of recombinant proteins. Apart from altering expression conditions, solubility-
enhancing fusion tags e.g. E. coli thioredoxin, E. coli nusA, and maltose binding protein
(114), are widely used at the plasmid design stage to increase the pure yield of soluble
protein and peptide’s immunogenicity (115). Another strategy to prevent the formation of
inclusion bodies is the co-expression of molecular chaperones. Exposed hydrophobic
residues on the surface of the protein can be protected by unintended inter- or intramolecular

interactions with these chaperones (116).

Here a strong detergent (urea) was used to denature the protein at high concentration and
therefore solubilise the inclusion bodies. The solubilising buffer contained 8M urea, 1TmM
DTT, 300mM NaCl and 20mM Tris-HCI at pH 8.0. Sodium chloride was used in low
concentration (1.755%) to increase the solubility of the protein by increasing the ionic

strength of the solution and decreasing the electrostatic energy between the protein
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molecules. This is called the salting in effect. DTT is a reducing agent used in protein

purification to reduce the disulphide bonds in the protein structure. 1mM DTT was used first
but the yield and purity were unsatisfactory given the significant amount of cysteine residues
in OVM300. 2mM DTT was used afterwards to increase the efficiency of breaking disulphide
bonds. According to the SDS-PAGE gel, the purity and concentration of OVM300 under
2mM DTT treatment were visibly higher than that under 1mM DTT. However, the tolerability
for nickel resins was not more than 5mM. Experience informed 2mM DTT could already
aggressively reduce nickel ions and undermine the binding capacity of the column.
Balancing benefits and risks, no higher concentration of DTT was used. It was also
interesting to notice a remarkable band at ~36 kDa on lane 4 (Figure 7). A western blot was
conducted later (Figure 9 lane 2) to confirm the expression of a truncated version of OVM300
by using anti-polyHistidine as antibody. Nevertheless, it was also possible to be the case of

non-specific binding to the antibody due to the excessive amount of protein (impurities).

Optimising nickel affinity chromatography — increasing protein yield and purity

Recombinant protein can be eluted from a nickel column by imidazole, lowering pH, or using
strong chelating agents such as EDTA and EGTA. Here a high concentration of imidazole
was used, which is usually the most common method. Imidazole acts as a competitive agent
with protein binding to nickel resins. It is used as a wash buffer with a low concentration to
wash out weakly-bounded protein (117) and thus increase the final purity. Target protein is
usually eluted out at a concentration gradient. This however is a trial and error process to
find out the optimal imidazole concentration for to achieve highest yield as it is protein

dependent and must be established on each case (118).

Figure 8 outlined the difference in yield and purity between batch spin method and gravity

flow method. Gravity flow was superior in both parameters and thus was used subsequently.
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However, experience showed it was more time-consuming with OVM300 given the high

concentration and high impurity level of the denaturation supernatant. This is a common
limitation in manual column loading and can be improved by passing through a 0.22uM filter
and increasing sonication speed or time (119). Both methods have been tried: protein yield
significantly decreased with filtration but the solution became visibly less viscous with
increasing sonication time from 5 seconds to 10 seconds each cycle for 60 cycles. Going
forward with increased sonication time, centrifugation time was also increased from 20
minutes to 30 minutes to enhance precipitation of insoluble protein, which in turn reduced
the viscosity of the loading solution. According to results from Figure 8, 10% solution B
(48mM imidazole) was used as washing buffer to remove weakly-bounded protein impurities;
60% solution B (188mM imidazole) was used as elution buffer to collect OVM300; 100%
solution B (300mM imidazole) was used to wash out all remaining bound protein from the
column. Nickel resins can be reduced and deactivated by DTT so it is suggested to reduce
repetitive use of nickel resins and recharge them regularly. There are also alternatives for
DTT such as B-mercaptoethanol (BME) and tris(2-carboxyethyl) phosphine (TCEP) to
maintain disulphide bond breakage. BME and TCEP are both reducing agents and not as
aggressive as DTT. However TCEP is expensive and may not be suitable for protocol
optimisation. BME is worth trying as it is more stable than DTT but it is less reducing (redox

potential -0.26V vs. -0.33V) so higher concentration needs to be used (98,120).

Optimising refolding — reactivating protein

During denaturation, aggregated forms of protein present in inclusion bodies is dissolved in
high concentration denaturant i.e. 8M urea which is used to reduce the non-covalent
interactions between protein molecules (e.g. hydrogen bonds) so that the protein becomes
unfolded. Therefore, the removal of denaturant theoretically refolds the protein to its

biologically active forms (121). However the possibility of off-pathway reactions may lead to
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the formation of aggregates (122). The refolding method used in this project was step-wise

dialysis where a gradual removal of denaturant was performed as opposed to sudden drop
of denaturant concentration in one-step dialysis, preventing significant misfolding and
protein aggregation (121). Stepwise analysis, however, is a time-consuming process as well

as a trial-and-error procedure in protocol optimisation.

Table 2 outlined the refolding recipes used for optimisation. Generally, apart from urea and
DTT whose uses have been covered above, other chemical additives were used to assist
solubilisation and refolding. Tween-80, a non-ionic surfactant, was added (Table 2C) as it is
thought to reduce protein adsorption and stabilize the protein (123) while removed
afterwards due to significant cytotoxicity at such high concentration (124). Sarkosyl is a mild
detergent that serves the same purpose as urea and was added at initial stage of refolding
to replace the stronger detergent to avoid misfolding. Its concentration was reduced
gradually to zero at end stage (125) due to cytotoxicity (Figure 10A). Arginine or L-arginine
which is a natural occurring amino acid, is classified as a protein aggregation inhibitor. This
was added to the second step of the refolding process to prevent aggregation of partially
folded intermediates by its possible interaction with water molecules and protein (126,127).
Reduced and oxidized form of glutathione i.e. GSG/GSSG was used instead of DTT during
optimisation because it promotes disulphide exchange instead of only breaking disulphide
bonds, which is effective in the formation of secondary and tertiary structure (128). Apart
from additives, it is worth noting that maintaining stirring and its speed is important during
refolding process to ensure efficient dialysis. Stirring was stopped on some occasions due
to mislocation of the dialysis bag and technical errors. The environmental-based disturbance
led to structural perturbation and thus formation of aggregated species (122). At the end of
the optimisation, the recovery level reached 100% (clear protein solution) before pH

adjustment. pH was adjusted to 7.4 (Table 2I), where the resultant recovery dropped to 30%.
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This indicates pH is a crucial factor for protein solubility; however, the adjustment was also

essential for biocompatibility.

Results (Figure 10) were taken into consideration what to add to the refolding buffer while
the experiment for Figure 12 was the investigation for the general cytotoxicity the refolding
buffer has on DC2.4 cells. Figure 12B showed that the refolding buffer was biocompatible
at lower concentration from 12.5% and suggested its suitability in subsequent cell-based

cytokine array assays.

Effects of storage and freeze-thawing process on ROP-PSA

Figure 19B showed the degradation of the band at ~55 kDa after storage and repeated
freeze-thawing process. This can potentially affect protein stability. To optimise the freezing-
thawing protocol, Cao E, et al. (45) advised that it was preferable for protein to undergo slow
freezing (about 1°C/min) and fast thawing (>10 °C/min) process in order to avoid exposure
to ice-liquid interface and additional interfacial tension during recrystallization (129). Also,
lowering the salt concentration of the buffer decreases precipitation and helps improve the
activity recovery of proteins (130). The western blot however, confirmed the main truncated
protein band at ~36 kDa was part of the original sequence. Further investigation is required
by mass spectrometry to investigate the cleavage. Immunogenicity of the vaccine should
not be affected if the cleavage site is cathepsin S protease specific instead of between one

of the T cell-specific epitopes.

Cytokine and chemokine release upon ROP-PSA uptake

Comments on aim and hypothesis
Cytokines and chemokines are small soluble proteins that orchestrate intercellular

communications within the immune system to regulate inflammation, proliferation,
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differentiation, metabolism, chemotaxis and tissue repair (131). They can serve as products

and/or inducers of differentiation of DCs (132). DCs can be activated by a variety of antigens
such as microorganisms and dead lysate through interaction between pathogen-associated
molecular patterns (PAMPs) and pattern-recognition receptors (PRRs) as well as through
phagocytosis. This research project mainly investigates the cytokines and chemokines
produced by DC2.4 cells upon ROP-PSA uptake. We hypothesized that exposure to ROP-
PSA, secretion of pro-inflammatory cytokines was triggered upon antigen uptake. Mouse
Cytokine Array Kit used in this project is a membrane-based antibody array, where each
membrane is spotted in duplicate with 40 different cytokine antibodies, for the determination
of the relative levels of such cytokines and chemokines in cell culture supernatants, while it
is also applicable to cell lysates, tissue lysates, serum, and plasma (88). Murine bone
marrow-derived DC2.4 cells are an immortal cell line used in this experiment. It represents
critical features of DCs including the expression of DC-specific markers, and the ability to

phagocytose (133).

Comments on experiment design and limitations

Five samples were used in this experiment including: a higher (100pg/mL) and lower
(20pg/mL) concentration of OVM300, the solubilising buffer of the same volume of the higher
concentration of OVM300 as negative control, cell culture medium alone (baseline), and
liposaccharide (LPS). LPS is commonly derived from bacteria in this case and remain in E.
coli derived protein after purification if not properly removed. According to LPS quantification
assay, its level is minimal in purified sample compared with LPS used in this assay.
Moreover, by comparing the differences between their cytokine profiles, it is safe to suggest

the results are reliable.
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It was however not a time-course experiment where only a snapshot of cytokine expression

was captured i.e. after overnight incubation. The experiment mainly investigates upstream
immune responses e.g. DC maturation and activation and the potential of antigen-induced
cytokine/chemokine release for T cell activation and downstream immune response as no
other cells apart from DC2.4 were used for interactions. One of potential limitations of this
study is that the peptide is of human origin but the cell line is murine. Despite considerable
similarities between human and murine DCs in terms of development and functions,
cautious measures should be taken in interpreting results as physiological mechanisms
might not be conserved (134,135). However, the cytokine release profile generated from this

study is still significantly useful for pre-clinical murine studies.

Analysis for cytokine release profile

Figure 15 shows OVM300 (ROP-PSA) incubation with DC2.4 cells overnight was able to
trigger release of 12 different cytokines and chemokines on the array. LPS was used as
positive control. Table 4 outlined the cytokine profile for ROP-PSA, LPS and buffer and their
general functions in the immune system. G-CSF, M-CSF and tumour necrosis factor-a (TNF-
a) are crucial in the stimulate on of DC maturation (136). TNF-a is a cytokine which is both
pro- and anti-inflammatory, mediating both cell death and cell survival dependent on its time
and place in the immune response. However, TNF-a release by DC coordinates the
activation of both CD4+ and CD8+ T cells, including upregulating IL-2R and other cytokines
and facilitating proliferation (137). CD54 overexpression is a sign of DC activation and is
one of the co-stimulatory molecules that interact T cells to enhance adhesion and signalling
(136). It was used as a potency measure of sipuleucel-T for assessing human APC
activation (138). A variety of chemokines is produced by DC2.4 upon ROP-PSA uptake
including: CXCL2, CXCL10, CCL2, CCL3, CCL4, CCL5 and CCL12. They function mainly

as chemoattractant for leukocytes, recruiting and directing monocytes, neutrophiles and
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other effector cells to sites of inflammation. CCR5 ligands CCL3 and CCL4 produced by

DCs recruits naive CCR5-expressing CTLs for cross priming, which is sustained throughout
antigen-specific interaction between DCs and T-helper cells (139,140). IL-1ra is a secreted
anti-inflammatory cytokine and inhibits the pro-inflammatory effect of IL-1 by binding to their
common activating receptor IL-1ra. Murine studies concluded that the upregulation of such
cytokine was favoured in mice in relation to IL-1, its pro-inflammatory form (141). DC2.4
cells used in this study are derived from C57BL/6 mice which are considerably more
tolerable of IV-administered RNA vaccine than humans (142). Further investigation is
needed to address whether the same situation applies to peptide vaccines and if they

produce different cytokine profiles.

Cytokine Induced by Function
CD54/ * ROP-PSA o Glycoprotein - upregulated in case of DC activation.
ICAM-1 « LPS o Stabilize cell-cell interactions and facilitate leukocyte endothelial transmigration

IL-1ra *  ROP-PSA o Natural inhibitor of the pro-inflammatory effect of IL1
« LPS

CXCL10 - ROP-PSA Chemoattraction for monocytes/macrophages, T cells, NK cells, and dendritic
« LPS cells

O

o Promotion of T cell adhesion to endothelial cells
o Antitumor activity
o Inhibition of bone marrow colony formation
o Angiogenesis
M-CSF ROP-PSA Proliferation, differentiation, and survival of monocytes, macrophages, and bone
marrow progenitor cells
CCL2 ¢ ROP-PSA Recruit monocytes, memory T cells, and dendritic cells to the sites of inflammation
« LPS produced by either tissue injury or infection.
*  Buffer
CCL12 * ROP-PSA Attract eosinophils, monocytes and lymphocytes.
« LPS
CCL3 * ROP-PSA Recruit and activate of polymorphonuclear leukocytes through binding to the
« LPS receptors CCR1, CCR4 and CCR5
*  Buffer

CCL4 *  ROP-PSA o Macrophage inflammatory protein-1 (MIP-1f3)
e LPS Specific for CCRS receptors
e Buffer o Chemoattractant for natural killer cells, monocytes and other immune cells

O

CXCL2 * ROP-PSA o Powerful neutrophil chemoattractant
« LPS o Involved in many immune responses including wound healing, cancer
metastasis, and angiogenesis.

CCLS5 *  ROP-PSA o Proinflammatory chemokine, recruiting leukocytes to the site of inflammation
e LPS o Chemotactic for leukocytes
o Induce the proliferation and activation of certain NK cells to form CC-
Chemokine-activated killer cells
TIMP-1  ROP-PSA The glycoprotein is a natural inhibitor of the matrix metalloproteinases (MMPs), a
group of peptidases involved in degradation of the extracellular matrix.
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TNF-a * ROP-PSA Inflammatory cytokine produced by macrophages/monocytes during acute
« LPS inflammation and is responsible for a diverse range of signaling events within cells,
leading to necrosis or apoptosis.

IL-6 LPS o IL-6is secreted by macrophages in response to PAMPSs
o Stimulate acute phase protein synthesis, as well as the production of neutrophils
in the bone marrow.
o Support the growth of B cells and is antagonistic to regulatory T cells.
G-CSF LPS Stimulates the survival, proliferation, differentiation, and function of neutrophil
precursors and mature neutrophils.

Table 3 | Cytokine and chemokine release profile induced by different antigens i.e. ROP-PSA,
LPS and refolding buffer alone (20mM Tris-HCI pH 7.4, 300mM NaCl, 200mM arginine), and
their functions, adapted from Janeway’s Immunology (73).

How ROP-PSA overcomes challenges in peptide vaccines

The main challenges in peptide-based vaccines include low immunogenicity, immune
evasion and HLA allotype restriction (44). To ensure clinical efficacy in peptide vaccines, it
must be able to be expressed by dendritic cells (or antigen-presenting cells), trigger CD4+
helper T cell and CD8+ cytotoxic T cell responses. CD4+ T cells are critical to activate and
sustain effector CTL activity, as well as intensify long-term antitumour activity, epitope
spreading and tumour infiltration (44). Available data suggested that almost all human DC
subsets have some ability to cross present soluble proteins on MHC | molecules taken into
account of the type of antigen, stimulatory factors, timing of antigen entry and stage of
immune response. CD8+ T cells are crucial for targeting cancer. After being primed by DCs,
they are differentiated to form effector CTLs to kill cancer cells presenting MHC | molecules
through release of granules or induction of apoptosis (143). CD4+ T cells have an
intertwined relationship with CD8+ T cells in anti-tumour immunity. The secretion of
interleukin (IL)-2 by activated CD4+ T cells directly facilitates the effector function,
differentiation, and proliferation of CD25+ CD8+ T cells (144,145). By sustaining pro-
inflammatory cross-presenting DCs, CD4+ T cells indirectly provide the three activating
signals (MHC |/peptide/TCR, CD28/B7 costimulatory signals, IL12 release) for CTLs by
upregulation of CD40 ligand (146,147). Apart from that, the production of effector cytokines

such as IFNy and TNFa by polarised CD4+ Tu1 cells provides direct anti-tumour activity
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(148). ROPs harnesses the ability of DC cells to present MHC Il and cross-present MHC |

to prime/activate naive CD4+ and CD8+ T cells respectively.

Peptide based vaccines are usually delivered as a pool of shorter peptides or synthetic long
peptide. Both correlate with HLA-subtype restriction due to lack of diversity required for high
polymorphism of HLA (149) while shorter peptides are rapidly cleared from the body for the
tendency of enzymatic digestion (150). The delivery of a whole protein allows DC processing.
Synthetic long peptides (SLPs) derived from 25-35 amino acid peptides of a tumour specific
antigen however depend upon processing, which is limited to presentation by APCs (151).
They demonstrated superior immunogenicity compared to whole wildtype antigen in terms
of more efficient antigen presentation by DCs, increased CD4+ and CD8+ T cell activation
(152). Murine studies using MELOE-1 as model antigen showed an improvement of epitope
of processing and DC presentation due to an artificial separation of MHC | and MHC I
epitopes with a cathepsin protease sensitive linker, resulting in a reduction in tumour growth
in 4 out of 7 mouse tumour models (153). Both shorter peptides and SLPs are inferior in the
activation of CD4+ response (34,153), hampering an all-round immunogenicity. Eventually,
the design of ROP-PSA takes these into account and is adjusted for both proteasomal
degradation and cathepsin S digestion (non-specific and specific digestion) by inserting
LRMK linker (cathepsin S digestion site) between each 30-amino acid sequence (to be

chopped by proteasome to peptides which are suitable for either MHC | or Il loading).

Figure 18 showed gradual digestion of ROP-PSA with addition of cathepsin S incubated at
37°C overnight. SDS-PAGE gel was then sent to mass spectrometry analysis. Tandem MS
(MSMS) showed peptide sequence hits from MASCOT protein library and OVM300.
ERPA_ECOBW, FER_ECOLI, and SLYD_ECOLI are all proteins derived from E. coli which
can be explained as evidence of the existence of the purified protein. However, the presence

of human keratin protein showed the possibility of impurities from handling. It is notable that
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sample C does not have any hits from OVM300 while has three hits from MASCOT library,

with one of which bovine derived PTMA_BOVIN which is commonly used in tissue culture.
This could suggest the existence of remaining cathepsin S protease. In general protein
samples sent were in low concentration due to storage and freeze-thaw cycles. However,
one hit on OVM300 sequence (LSEPAELTDAVLR) was found that is between two cathepsin

cleavage sites which suggested in vitro that OVM300 can be digested by cathepsin S.

Potential of ROP-PSA for clinical use

Exploring potential as monotherapy

OVM200 which is an ROP-based vaccine targeting survivin over-expressed in most solid
tumours including lung, breast, prostate and ovarian cancers, has been approved by MHRA
to roll out first-in-men phase | clinical trials to investigate safety and efficacy in humans (154).

This calls for the potential of OVM300 (ROP-PSA).

Optimal delivery and formulation

The assistance of adjuvants and ideal delivery vehicles in formulation is generally required
for peptide-based therapies like ROP-PSA to induce cell-mediated immunity (44). To
achieve cytotoxic T cell anti-tumour response, three kinds of signals are essential for the
therapy to activate naive T cells by antigen-presenting cells: binding of MHC:peptide to T
cell receptor, co-stimulatory signal delivered by dendritic cells, cytokine release to direct T
cell differentiation (73). Conjugates should be able to help with one or more of these
mechanisms. Commonly used immune stimulation adjuvants include montanide ISA 51,
GM-CSF and toll-like receptor (TLR) agonist. Subcutaneous injection with montanide ISA
51 augment uptake of antigen by local DCs due to its non-absorbable mineral composition
and thus persist antigen presentation for T-cell priming (155). Granulocyte-macrophage

colony stimulating factor (GM-CSF) has been commonly used in peptide-based cancer
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vaccines in clinical trials (40,156) which is a growth factor for the recruitment, maturation

and activation of dendritic cells (157). Preliminary results from this project also showed
increased GM-CSF release by DCs upon ROP-PSA uptake, which is beneficial for
maintaining lymphocyte activation. TLR agonist is useful for avoiding T-cell exhaustion and
potentiate the efficacy of active ingredient (158). Optimising formulation is crucial for
pharmacokinetics. Formulating with liposomal nanoparticles not only increases solubility
and slows down elimination, but also was found to significantly enhance the epitope-specific

anti-tumour immune response in in situ studies (159).

Exploring potential in combination therapy

The similarity of the cytokine release profile between ROP-PSA and LPS suggested a
possibility of ROP-PSA to be a safer alternative to LPS in vaccine formulation. It can be
used in combination with other tumour specific antigen e.g. PSMA and PAP.
Lipopolysaccharide (LPS) is another example which signals through toll-like receptors (TLRs)
to induce activation and maturation of dendritic cells despite holding remarkable toxicity (160)
while its chemically detoxified form MPL is approved in human papillomavirus vaccines (161).
TLR-4 activation by MPL results in mild inflammation which promote Th1 differentiation and

its related humoral responses (162).

Apart from harnessing adjuvants to increase immunogenicity, ROP-PSA also holds potential
for combination therapy with immune checkpoint inhibitors, conventional chemotherapies,
and radiotherapy. In advanced prostate cancers, combinatorial aggressive treatments are
usually the ideal methods for avoiding dose-dependent toxicities and encouraging efficacy
as well as overcoming immunosuppressive tumour microenvironment (44,163). Immune
checkpoint inhibitors (e.g. anti-PD1, anti-CTLA-1) work in the downstream of antitumour

immune response by prolonging antigen-specific T cell action while peptide vaccines work
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in upstream for immune-priming. On the other hand, pre-treatment of chemotherapy or

radiotherapy induces apoptosis and release of tumour neo-antigen which thus help mature
more DCs for CD8+ T cells cross presentation (164). Immunocompatible cytotoxic
chemotherapy combined with immunotherapy has been a new approach in cancer therapy
nowadays. The release of damage-associated molecular patterns (DAMPs) triggered by
chemotherapy-induced cancer cell death potentiate the activation of APCs and especially
NK-cell-lysis-induced DC maturation(165). Moreover, via the activation of different
complementary pathways e.g. cGAS/STING pathway, chemotherapy can provide a
synergistic effect with immunotherapy through activation of CTLs, depletion of Tregs and
increased infiltration of CD4+ and CD8+ lymphocytes (165). For instance, docetaxel as a
standard chemotherapy for mCRPC has been demonstrated to diminish
immunosuppression by downregulating T reg cells (166) and proved superior in combination
with a peptide-based vaccine and dexamethasone in a phase Il clinical trial (167). In vitro
studies also showed non-mutated neoantigens were generated by cisplatin-induced
apoptotic tumour cells which elicited both CD4+ and CD8+ response by DC antigen
presentation (164). Neoantigens are essentially tumour specific antigens which are only
present in tumour cells (168). Therefore, by activating its release, chemotherapy can
potentially reduce HLA-type restriction and then facilitate a well-rounded immune response.
Combination with radiotherapy works by the same mechanism regarding releasing DAMP

by cancer cell death.

Conclusion and future directions

This project has provided preliminary in vitro results for a recombinant peptide-based
vaccine OVM300 (ROP-PSA) regarding its immunogenicity upon mouse-derived dendritic
cells uptake based on its cytokine release profile. This represents a robust foundation for
pre-clinical murine studies. Further attempts can be conducted to perfect protein purification

via the use of fast protein liquid chromatography to increase yield and purity in terms of mass
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production. With regards to preclinical studies, it is worth to compare the efficacy and safety

in vivo between mRNA-based formulation and peptide-based formulation given the
significant potential MRNA vaccines showed in recent years. For future directions, the
design of the vaccine can be expanded to other different tumour specific antigens e.g. PAP
and PSMA which are also overexpressed self-antigen in PCa cells. Overall recombinant
overlapping peptides are attractive for PCa cancer vaccine design to induce T cell response
in response to DC activation, which makes this technology a desirable candidate especially

in combination therapy with chemotherapy and immune checkpoint inhibitors.
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