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Abstract

Major Histocompatibility Complex (MHC) class | molecules present peptides derived
from intracellular proteins for cytotoxic T cell recognition against virally infected cells/
tumor cells and inducing adaptive immunity. MHC-1 complexes are comprised of a
heavy chain, the light chain beta-2 microglobulin (B2M) and an optimized peptide.
Recently, Complex of Clustered regularly interspaced short palindromic repeat
(CRISPR) and CRISPR-associated protein Cas9 has rapidly become a powerful tool
for gene-editing experiments due to its high efficiency, simplicity, and versatility. This
thesis proposes two approaches to apply CRISPR/Cas9-mediated knock-in
methodology to modify MHC-I complexes: (i) to stably introduce specific peptides on
MHC-1 molecules through CRISPR-mediated insertion within the B2M locus; (ii) target
single amino acid residues of the Ankylosing Spondylitis (AS)-associated HLA-B27

molecule proposed to contribute to its unusual biochemical folding characteristics.

CRISPR/Cas9 was successfully employed to knock in HLA-A2 specific viral peptides,
derived from SARS-CoV-2 virus, containing linker sequences at the genomic B2M
locus. Immunoblotting revealed that the gene edited B2M locus facilitates the
production of peptide linked 2m (PLB) protein with the expected size. Furthermore,
flow cytometry analysis demonstrated gene-edited cells presented the PLB molecules

together with endogenous peptide-specific HLA-A2 heavy chain at the cell surface.

CRISPR/Cas9 was also harnessed to introduce point mutations into the disease-
associated HLA-B*27:05 allele. The absence of Cys®’ can potentially reduce the
misfolding events of HLA-B27 molecules and still maintain the presence of this heavy
chain at the cell surface. Additionally, HLA-B*27:05 have been transformed into HLA-
B*27:09, a non-AS-associated subtype, by replacing aspartic acid (Asp)!'® with a
histidine (His) using CRISPR/Cas9.

This is the first study exploiting gene-editing technology for modification of MHC-I
complexes. While stable expression of PLB is a promising approach for development
of cellular vaccines, alterations of HLA class | sequences can be considered as a

potential therapeutic application for some HLA-associated diseases.
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Chapter 1 Introduction

1.1 Major Histocompatibility Complex

The Major Histocompatibility Complex (MHC), is a gene locus with thousands of genes
encoding for important proteins involved in both the innate and adaptive immune
response, was first described by British immunologist Peter Gorer in 1936 [1]. In 1948,
George Snell published a pioneering paper introducing the concept of
histocompatibility (H) antigens, and the genetic factors which played a central role in
graft rejection of tumours transplanted across different mouse strains [2]. Snell found
that these genetic factors were located within a specific chromosomal area, which was
later to be known as the MHC. In 1958, Jean Dausset identified the very first one of
these genetic systems, Human Leukocyte Antigen (HLA)-A*2 which were initially
named MAC the three-letters of the first name of his three volunteers [3]. In the 1960s,
Baruj Benacerraf and his colleagues demonstrated that the MHC genes had several
central functions in immune responses [4]. Thanks to their contributions, Baruj
Benacerraf, Jean Dausset and George Snell were awarded jointly The Nobel Prize in
Physiology or Medicine 1980 for "their discoveries concerning genetically determined
structures on the cell surface that regulate immunological reactions" (Nobelprize.org).
These scientists laid the foundations for understanding the difference in immune
responses between individuals or the activation of immunological reactions to

diseases.

The MHC, referred to as the HLA in humans, is a multigene family located on the short
arm of chromosome 6 (band p21.3). The MHC-related glycoproteins encoded by HLA
have a central role in regulating immune responses and controlling cell-to-cell

interactions. In the mammalian genome, the MHC region is considered to be one of
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the most gene-condensed regions where many essential genes relating to
immunology have converged. The MHC region also displays an extremely high level
of polymorphism, especially at the classical HLA loci with over 65,000 HLA and HLA-
related alleles (HLA Nomenclature 2021). MHC molecules are classified into three
major classes: MHC-I, Il and Ill. While MHC-I and Il alleles encode cell-surface
glycoproteins involved predominantly in the antigen presentation pathway and the
activation of the adaptive immune response, MHC-IlIl encodes molecules playing
crucial functions in the innate immune system and humoral immune response. In this

study, the focus is on the MHC-I region.
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Figure 1.1 Genomic landscape of the MHC.

The MHC region is located on the short arm of chromosome 6 (base pair positions
29,640,000-33,120,000 from the Genome Reference Consortium Human Build 37, hg19),
containing the MHC-I, Il, and Il regions. These MHC regions contains over 65,000 alleles

divided into more than 39 different genes. Illustration was obtained from Trowsdale et al

(5]
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Since the first HLA class | molecule was isolated in 1968 by Mann et al, there are
currently nearly 11000 HLA class | alleles has been announced in 2017 [6, 7]. MHC-
molecules are classified into 6 types of HLA: A, B, C, E, Fand G. A, B and C are
considered as the classical MHC-I molecules. MHC-I molecules are composed of two
main components: a heavy chain (a chain) encoded by HLA-I and the light chain (32-
microglobulin (B2M) encoded by the B2M gene on human chromosome 15. The heavy
chain associates non-covalently with B2M and presents endogenously derived
peptides to immune cells for antigen recognition. MHC-I molecules are expressed on
the membrane surface of most nucleated mammalian cells and interact with CD8*
cytotoxic T lymphocytes (CTL) and natural killer cells (NK). The activation of CTLs
depends on the self or foreign antigens presented by MHC-I molecules, which also act

as ligands for killer cellimmunoglobulin-like receptors (KIR) expressed on NK cells [8].

Similarly, to MHC-I, MHC-Il molecules present peptides at the plasma membrane but
are only expressed by antigen-presenting cells (APCs) including dendritic cells (DC),
macrophages, B cells, epithelium cells of the thymus and endothelial cells. MHC-II
molecules are heterodimers composed of alpha (a) and beta (B) chains. The open
binding groove formed by a and 8 chains accommodates extracellular protein-derived
peptides of 13-25 residues in length which are presented to CD4* T helper cells [9].
Therefore, MHC-II molecules mediate CD4* T helper cells which can regulate antibody
responses by B cells and modulate CTL activity by releasing cytokine signals [10].
MHC-1I molecules are classified into three classical types which include DP, DQ and
DR, and two non-classical types including DM and DO. DM molecules function in
supporting peptides to be loaded onto classical MHC-II molecule within a specialized

compartment within the endocytic pathway i.e., the MHC-II loading compartment
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(MIIC)/multivesicular body [11, 12]. On the other hand, DO molecules are mainly
expressed in B cells and are proposed to have an inhibitory effect on DM function [11,
12] The polymorphism is not as extensive as class | but there is the added complexity
of mixed isotype expression, such as DQa pairs with DRB chains, and haplotype

pairing, such as different DQa chains pairing with different DQ allele chains.

The MHC-III region, located between the HLA class | and Il regions, contains around
60 genes involved in inflammation, immunity, and regulation of immunity responses
[13]. The first example of important components located within MHC-III region are C4,
C2 and BF (factor B), which are parts of the complement system having roles in
enhancing the ability of antibodies and phagocytic cells to clear pathogens [13].
Secondly, the TNF gene is also encoded within the MHC-III region and plays an
important role as a proinflammatory cytokine in regulation of cell proliferation and
differentiation as well as innate and adaptive immune responses. Mutations in some
MHC-III genes can lead to diseases, for instance mutation in CYP21 can lead to

congenital adrenal hyperplasia which affects the adrenal glands [14].
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1.2 MHCclass |

1.2.1 Heavy chain of MHC-I

MHC-I heavy chains (HC) are encoded within the HLA-I loci — HLA-A, B, C, Eand G
regions of the MHC locus. MHC-I HC molecules are approximately 45 kilodalton (kDa)
in size and their structure can be divided into three distinct parts: the cytoplasmic,
transmembrane, and extracellular domains. Although the cytoplasmic domain of MHC-
| molecules was considered to have no functional activities in the past [15], recent
studies reported several functions contributed by this component. For example, the
dimers of two fully folded MHC-I are formed by the disulphide bond between the
cytoplasmic tail domain cysteines and found on small secretory vesicles known as
exosomes [16]. The half-life of HLA-G, a non-classical MHC-I molecule expressed
abundantly on extravillous trophoblasts in physiological conditions, was also found to
be prolonged due to the loss of an endocytosis motif in the cytoplasmic tail of the heavy
chain [17]. The cysteine at position 309, located near the interface of inner leaflet of
the cytoplasm and lipid bilayer, is only found within the transmembrane region of HLA-
B and -C alleles which are major ligands for NK inhibitory receptor (NKIR). In Davis’s
study [18], cytotoxicity assays results showed that 68% NK cells were inhibited by cells
expressing HLA-Cw6 but efficiently lysed target cells expressing HLA-Cw6 with Cys3%°
mutated to tryptophan. Therefore, the transmembrane domain of HLA-B and-C
molecules was proposed to play a critical physiological function in interaction with a

subset of NK cells.

The extracellular region of MHC-I molecules is composed of three domains: a1, a2
and a3 (Figure 1.2). Amongst the three domains, a3 exhibits the least polymorphism

and predominantly contains hydrophobic amino acids. The a3 domain adopts an
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immunoglobulin-like fold and forms non-covalent intermolecular interactions with the
B2M molecule [19]. While a3 residues of the heavy chain are highly conserved and
contains binding sites for the CD8 co-receptor on cytotoxic T lymphocytes, a1 and a2
residues, which together form the peptide-binding groove, are much more polymorphic

and will be covered in more detail in the next section.

MHC class |
W/

Suface of nucleated cell

Figure 1.2. Structure of major histocompatibility complex (MHC) class |I.

Domain topology of a MHC-I complex consisting of a heavy chain HLA (blue), a light

chain B2M (orange), and . Figure is adapted from Wieczorek et al [20].

26



Dinh Dung Nguyen Northumbria University

1.2.2 Polymorphisms of MHC-I

HLA class | molecules are encoded by three classical HLA class | genes, HLA-A, HLA-
B and HLA-C within the MHC-I region. HLA class | typing began in the 1960s and
thanks to new sequencing technologies, more than 24,000 HLA-A, HLA-B and HLA-C
alleles have been deposited in the database according to the latest version of the IPD-
IMGT/HLA Database (May 2022). In Robinson’s study, he illustrated that HLA-B and
HLA-C alleles are more similar to each other than either is to HLA-A (Figure 1.3) [7].
These results support the theory that HLA-C alleles originated from the duplication of
HLA-B alleles [7]. The majority of variations within MHC-I molecules are concentrated
in exons 2 and 3 which encode the a1 and a2 domains. The nucleotide substitution
events appear frequently at >95% of all positions in each of three HLA genes, therefore
leading to substitutions at every single amino acid in the a1 and a2 domains of HLA-
A, -B and -C alleles. Based on the rate of new alleles discovered, it has been
estimated that there exists 2-3 million HLA-A, -B and —C alleles in the worldwide

population [7].
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HLA-A - HLA-B HLA-C
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Figure 1.3. Pairwise comparison of HLA-A, -B and -C alleles.

A colour scale demonstrates the number of nucleotide differences in each base pair
compared between HLA-A, -B and -C alleles. Red and blue represent the most closely

and loosely related alleles, respectively. Graph was obtained from Robison et al, 2017.

While residues of the a3 heavy chain domain are highly conserved and contain binding
sites for the CD8 co-receptor on cytotoxic T lymphocytes, a1 and a2 residues, which
together form the peptide-binding groove, are much more polymorphic.
Polymorphisms of the a1 and a2 domains lead to diversity in the peptide spectrum
presented by these molecules. The advantage of such peptide variation with respect
to presentation by MHC-I is that it increases the opportunities for the adaptive immune
system to generate specific weaponry against pathogens. Furthermore, the a1 and a2

domains also contain the binding sites for lymphocytes receptors [21]. Although the

28



Dinh Dung Nguyen Northumbria University

interaction between HLA-I and lymphocytes assist in the detection and removal
infected cells, MHC molecules form a substantial barrier for successful bone-marrow
and organ transplantation between donors and recipients of differing HLA types.
Furthermore, despite donors being MHC matched, the variation in individual peptide
pools can lead to more chronic organ rejection on the basis of these ‘minor’
histocompatibility differences [22]. Another important clinical corollary associated with
MHC polymorphism is that numerous HLA alleles and haplotypes have been
demonstrated to be associated with human diseases such as Ankylosing Spondylitis
(AS), Behget disease, and Psoriasis associated with HLA-B*27, HLA-B*51, and HLA-

C*06, respectively [23].

1.2.3 The Light Chain of MHC-I; Beta-2 Microglobulin

The second core component of MHC-I molecules is B2M, a small protein of 11.7 kDa.
B2M is encoded by the B2M gene which is located on chromosome 15 and has limited
genetic variations [24]. B2M is expressed by all nucleated cells and found in most
biological fluids, including urine, serum and synovial fluid [25]. B2M consists of 7 [3-
strands, which form two (B-sheets linked by a disulphide bridge and has the typical -
sandwich shape of an immunoglobulin (Ig) domain [25]. Trp60 and Trp95 are
conserved tryptophans and play complementary roles in the structure of the B2M
molecule. While Trp60 is critical for enhancing the association of B2M with HLA-I,
Trp95 is related to the stability of B2M and preventing the formation of aggregates [24,
26]. In addition to classical MHC-I molecules, B2M also associates with other MHC-
like structures including a cluster of differentiation 1 (CD1) — a forgein lipid antigen

binding molecule [27], human hemochromatosis protein (HFE) which can bind to
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transferrin receptor 1 (TfR1) and weakens the uptake of transferrin-bound iron in cells
[28], and neonatal Fc receptor (FCRn) — an important molecule involved in the binding
and transport of IgG and humoral immunity [29]. B2M also has a special role in
regulating the survival, apoptosis, proliferation, and metastasis of cancer cells, which
makes B2M a potential target for multiple diseases, especially in cancer therapeutics
(Table 1.1). For example, in Rowley’s study [30], purified human B2m stimulated cell
proliferation and significantly reduced doubling time in rat PS-1 prostatic stromal cells
and human PC-3 prostatic carcinoma cells. The high concentration of free-circulating
B2M, as a result of renal failure, can also lead to the formation of amyloid consisting
of B2m, heparin, collagen, and apolipoprotein E and enhance WT-hB2m aggregation

in vitro [31, 32].
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Table 1.1 Examples of different functions and applications of B2M.

Table was adapted and updated from Li, Dong and Wang’s research, 2016.

Year

1992

1993

1995

2001

2002

2003

2006

2006

2007

2008

2019

2021

Targeting

Osteoblast
MHC-I reconstruction

Antagonistic activity to transforming
growth factor beta 1

Leukemic cell-bearing mice
Myeloma cells

Human lymphoblastic leukemia cell
line
Prostate cancer bone metastasis

Prostate cancer bone metastasis

IL-6 and IGF-I| and

signaling pathways
Mesenchymal stem cells

receptors

Joint and cartilage tissue

serum B2M levels

Mechanism

Mitogen

MHC-I or like molecules stabilizer
Hormone/growth factor receptors
Apoptosis-inducing activity via activation of
caspase-3 and nuclear factor-kappa B

Negative growth regulator, induce cell apoptosis
Induce apoptosis via increasing reactive oxygen
species

Signaling and growth promoting factor

Signaling and growth promoting factor

Anti-B2M mAbs redistribute or block IL-6 and IGF-
| receptors or signaling pathways

Growth stimulator

WT-hB2M amyloid formation

Atrial Fibrillation
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Application

Therapeutic target
Vaccine adjuvant

Immune and cell

proliferation
Therapy for leukemia

regulation

Therapeutic strategy

Therapy for leukemia

Therapeutic target

Therapeutic target

Apoptosis of myeloma cells
Prognostic marker and therapeutic
target of cancers

Treatment of long-term hemodialysis

Marker of cardiovascular disease

Ref

[33]
[34]
[30]
[35]
[36]
[37)
[38]
[39]
[40]
[41]
[32]

[42]
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1.2.4 MHC-I Protein Folding and Assembly

MHC-I molecules fold and assemble within the lumen of the ER, with the assistance
of lectin chaperones, members of the Protein disulfide-isomerase (PDI) family of
oxidoreductases and specific accessory molecules. The chaperone mediated folding
events governing MHC-I folding and assembly which can be broadly allocated into two
steps: (i) early folding events which lead to the association of heavy chain and B2M
and (ii) the formation of the Peptide Loading Complex (PLC) in order to acquire and

optimize the peptide cargo [43].

MHC-I HC polypeptides are concomitantly synthesized and translocated into the
lumen of the ER via the Sec61 translocation channel [44]. Nascent MHC-I HCs are
post-translationally modified with the GlcsMans-9GIcNAc2 (Glc, glucose; Man,
mannose; GIcNAc,N-acetylglucosamine) oligosaccharide. This oligosaccharide
moiety is linked to Asparagine at position 86 within the Asn-X-Thr/Ser (x representing
any amino acid) glycosylation motif of the MHC-1 HC. The alpha 1,2-glucose and alpha
1,3-glucose residues of the MHC-I linked oligosaccharide are trimmed by
glucosidases | (Gls I) and II (Gls 1l), respectively, leading to the formation of a
monoglucosylated unit, GlciMansGIcNAc2, which is recognized by the transmembrane
lectin-like chaperone calnexin (CNX) [45, 46]. When Asn86 is mutated, the CNX-HC
association is not abrogated completely, suggesting other protein-protein interactions
also exist [47, 48]. Concomitantly, CNX opens an extended proline-rich domain (P
domain) and recruits the oxidoreductases (ERp57) to promote folding events or protein
disulfide isomerases (PDI) to synthesise disulphide bonds [49, 50]. After the nascent
MHC-1 is completely folded, Gls-Il removes the terminal glucose and calnexin is

displaced following the recruitment of calreticulin (CRT) [51]. At this stage, MHC-I HC
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has assembled with B2M and is ready for the next stage which is PLC formation [52].
Early folded heterodimers of MHC class I/B2M are still unstable so CRT is recruited
via their monoglucosylated N-linked glycan which helps form the PLC [53, 54]. MHC-
I, B2M, ERp57 and CRT are tethered to the transporter associated with antigen
processing (TAP) via the specific accessory molecule tapasin [55, 56]. TAP consists
of two subunits: TAP1 and TAP2 which together are responsible for delivering
preferentially ~8-16 amino acid long peptides from the cytosol into the ER for binding

by the MHC-I molecule [57].

Within the ER, the MHC class | specific accessory molecule tapasin, bridges MHC-I
molecules to TAP and holds MHC | molecules in a peptide-receptive state [58].
Tapasin can shape the repertoire of presented peptides by maintaining the peptide-
binding process of MHC-I in a slow-off rate [59]. Tapasin selects for optimal MHC-I
peptide binding by mediating the exchange of suboptimal low affinity peptides for
peptides which bind more stably [60]. Zarling’s study [61] showed the binding affinities
of ligands eluted from tapasin-positive and negative cells were equivalent. Zarling’s
observations suggests tapasin may function more as a facilitator of the peptide-binding
process rather than an editor of the peptide repertoire. Recently, a second MHC-I
molecule specific accessory molecule that functions as a peptide exchange catalyst
has been identified i.e. the transporter associated with antigen processing binding
protein-related (TAPBPR) protein [62-64]. In contrast to tapasin, TAPBPR operates
outside the peptide-loading complex [62] and can function to replace some peptides
of low/medium affinity to enhance peptide selection and stability of MHC-I molecules

[63].
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Optimal peptides of MHC-I molecules are usually 8-9aa in length, expressing
appropriate anchor residues. ER resident aminopeptidase, ERAP 1, can bind to
peptides longer than 8-9 residues and trigger a conformational change which activates
its hydrolytic activity [65]. Therefore, ERAP1 proteins are responsible for trimming
longer peptides to optimal lengths [66]. Optimal peptides are required to stabilize
MHC-I complexes when these molecules are not bound to chaperones within the ER
and allow the MHC-I to pass the ER quality control system before transportation to the

cell surface for presentation to CD8" T cell [67, 68].
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1.3 MHC-I specific antigens

1.3.1 Selection and presentation of MHC-I specific antigens
MHC-I specific antigens are short peptides which form the third subunit of the tripartite
MHC | complex and are required to display intracellular proteins to cytotoxic T cells
(CTLs). The binding groove of MHC-I complexes usually present peptides of 8-10
amino acids in length which bind within pockets by appropriate anchor residues [69].
Peptides that are longer in length are still capable of capture by MHC-I but are trimmed
to the correct size by the endoplasmic reticulum aminopeptidases (ERAP) 1 and 2
[70]. Most other amino acids can fill the free spaces outside the anchor residues. Each
individual MHC-I molecule can in theory present a peptidome of approximately 6 x 108
7 different antigens [71]. However, most peptides are non-existent or cannot be
presented due to limited number of cell membrane MHC-I complexes (about 200,000)
[72]. Therefore, it is estimated that there are less than 10,000 different peptides
presented by any one cell [73]. Nevertheless, this array of peptides is deemed
sufficient to protect against most pathogens. Importantly, the different MHC molecules
between individuals can broaden the choice of peptides presented to T cells against

the same pathogen and benefit the survival of the population.

Many of the key steps by which MHC-I molecules present peptide have been
established through studies over the last 30 years [74]. Firstly, peptide fragments are
derived from autologous normal proteins, mutated self-proteins which can be
expressed by mutated genes (e.g. in cancers), foreign polymorphic genes (e.g. from
graft transplants), and pathogens such as viruses and bacteria. Peptides are generally
generated via the proteolytic activity of the proteasome. Most of these fragments are

subsequently degraded into small peptides by cytosolic peptidases including
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aminopeptidases, carboxy peptidases and ectopeptidases [75]. Peptides are
transported into the ER by a peptide transporter called transporter associated with
antigen processing (TAP) [74, 76]. Van Kaer's study demonstrated that MHC-I
molecules expressed by TAP-deficient cells are unstable and not capable of
presenting antigens to CTLs [77]. The complete TAP system is formed of a
heterodimeric complex of TAP1 and TAP2 subunits which are encoded by ABCB2 and
ABCB3 genes lying in the cluster of genes for antigen processing within the MHC-II
region [5]. After binding to proteasome generated peptides, the TAP1/2 heterodimer
translocate peptides from the cytosol into the ER via the hydrolysis of ATP which binds
to the cytosolic nucleotide binding domains [78]. At the same time, MHC | molecule
heavy chains and B2m undergo a degree of folding (as mentioned in 1.2.2) before
binding to optimal peptides within the peptide loading complex (PLC) consisting of
TAP, tapasin, calreticulin, PDI and ERp57 [79]. At this stage, multiple peptides are

respectively “scanned” by MHC-I molecules until low off-rate peptides are bound [80].

Peptides longer than the optimal length can be trimmed by ER resident
aminopeptidases including ERAP1 and ERAP2. ERAP1 and ERAP 2 consist of four
globular domains and have many similar structural characteristics, exhibiting 50%
amino acid sequence identity [81]. ERAP 1 shows preference for non-polar residues
with a wide range of cleavage efficiency depending on the N-terminal side chain of the
peptide [82]. ERAPL1 peptidase preferentially cleaves all peptide bonds except those
involving proline and ERAP2 can cleave efficiently especially at arginine residues [82,
83]. The target peptide spectrum of ERAP1 is 9-mers or longer but that of ERAP2 is
9-mers or shorter [84]. Non-specific peptides, which are unable to bind to any MHC-I

molecules, are transported back to the cytosol for degradation [85]. The completed

36



Dinh Dung Nguyen Northumbria University

MHC-I complexes containing appropriate peptide are then transported to the plasma

membrane, ready to be recognized by CTLs.

While evolution promotes the polymorphism of MHC-I complexes, cancers as well as
viruses co-evolve to develop mechanisms to escape detection from the immune
system by evading or influencing the antigen presenting process. Pathogens can
inhibit MHC molecules themselves by targeting the peptide generation and acquisition
stage. For instance, human cytomegalovirus (HCMV) encodes proteins (such as US2,
US3, US6 and US11) which inhibit the TAP complex or induce the degradation of
MHC-1 complexes [86]. Additionally, HCMV miR-US4-1 has been demonstrated to
downregulate ERAP1 expression which can lead to the escape of infected cells from
HCMV-specific CTLs [87]. Meanwhile, Herpes Simplex Virus (HSV) encodes ICP47
which binds to the cytosolic face of TAP1/TAP2, preventing the transportation of viral
peptides into the ER by blocking the TAP translocation pore, whilst US6 encoded by
HCMYV binds to the ER luminal face and interferes with ATP hydrolysis which occurs

via the nucleotide binding domains on the cytosolic face of the TAP complex [88].

Downregulation of MHC-I complexes has also been reported in many types of pediatric
and adult tumors, often correlating with worse prognosis [89]. Irreversible MHC-I
defects are caused by genetic mutations within HLA class |, B2M or TAP leading to
structural alterations of heavy and light chain, or peptide availability, respectively [90-
92]. For example, Maleno's study [90] reported that 35% of bladder carcinomas had
loss of heterozygosity (LOH) at chromosome region 6p21.3 region leading to HLA
haplotype loss. Additionally, tumors can upregulate factors like transforming growth
factor 3 (TGF-B) which can impair the function of NK cells and prevent their infiltration

into the tumour region where cancer cells express low levels MHC-I [93].
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Downregulation of MHC-I molecules can be the result of cancer-induced defects
affecting epigenetic and post-transcriptional factors such as nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-xB), Interferon regulatory factors (IRFs),
and NLR Family CARD Domain Containing 5 (NLRC5) [89]. Therefore, understanding
tumor and pathogen escape mechanisms from antigen presentation could help
develop methodology or therapies to either enhance MHC-I molecules presenting
desired peptides for the activation of effective T cell immune responses and/or

preventing their expression from being downregulated.

1.3.2 Manipulation of MHC-I peptide for clinical application

With a key role in the regulation of the immune response, manipulation of antigens
presented by MHC-I molecules has become a potential approach in disease
prevention and treatment. Indeed, manipulation of MHC-I peptides and their
presentation have been used in the development of vaccine technologies. More
recently, dendritic cell vaccines have been improved for cancer immunotherapy and
the MHC single chain trimer (SCT) technology was developed to directly present

desired peptides for immunogenicity.

1321 Vaccines

Since the first vaccine was described by Edward Jenner against smallpox in the 18th
century, the history of human health care has witnessed a huge jump in the
development of vaccines against other lethal diseases including mumps, measles,
rubella, and varicella. A vaccine is a biological product containing pathogen-derived
antigens which induce immune responses to provide protection (Figure 1.4A). After
delivering the vaccine containing antigens and adjuvant via oral, intranasal,

subcutaneous, or intramuscular routes, pathogenic antigens are uptaken and
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presented on MHC-I complexes of nucleated cells and MHC-II by dendritic cells (DCs).
Under the interaction of adjuvant and pattern recognition receptors (PRRs), danger
signals are released and induce DCs to translocate to the lymph node where they
present peptides to T cells. Subsequently, CD8+ T cell are selected and expanded to
become CD8+ effector T cells which can recognize and eliminate the cells presenting
pathogenic antigens. On the other hand, CD4+ T cells can help drive B cell
differentiation into plasma cells which produce antigen-specific antibody. Minor
populations of CD8+ and CD4+ effector T cells and B cells differentiate into memory
T and B cells, respectively, which generate rapid immune responses on the next

encounter against pathogens.
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Figure 1.4. Different types of vaccines and their various immunogenicity mechanisms.

(A) The generation of immune responses to vaccination. Vaccine antigens are delivered
inside the body and are taken up by DCs. These antigens are then presented on MHC-I
and Il molecules and along with the expression of co-stimulatory molecules activate T
cells with peptide specific TCRs. In this way, vaccine technology directs the immune
system to be activated in the desired direction. (B) Classification of vaccines. Different
types of vaccine developed against pathogens. Graphic illustration was obtained and
modified from Pollard and Bijeker [94].

Vaccines are classified into two major groups, (i) live or (ii) non-live, (Figure 1.4B). Live
vaccines are generally attenuated pathogenic organisms which are still capable of
replicating to induce responses but avoid symptomatic disease. Although live vaccines
provide a strong immune response, the major drawback is the risk of causing
significant disease. Non-live vaccines contain only pathogenic components or killed
organisms. Non-live vaccines are normally co-injected with an adjuvant to enhance
their ability to generate immunogenicity. The discovery of numerous microorganisms,
evolution of cell culture and the introduction of protein recombination and whole-
genome sequencing platforms has promoted outstanding development of vaccine
technology. During the Covid-19 pandemic since 2020 until now, many vaccines have
been developed and approved in record time, accompanied by first-time technologies
such as mRNA vaccines such as those developed by Pfizer-BioNTech and
Moderna for COVID-19. Although vaccines provide excellent prevention against
infectious disease, this technology faces many challenges and limitations in cancer
treatment. One of the reasons is that the antigen array of tumors may not be specific
to the tumor alone but is also shared by healthy tissues which can lead to the potential

risk of developing autoimmunity. Nevertheless, many other vaccine platforms, such as
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antigen-presenting cells, T cell and bacterial vectors, are continuously being

developed and tested to broaden the arsenal against diseases [95].

1.3.2.2 Engineering dendritic cell (DC) vaccines

Dendritic cells (DCs) are professional antigen presenting cells which are effective at
taking up and presenting antigens to effectively activate T cells, especially naive T
cells due to the expression of co-stimulatory molecules [96]. In DC therapy,
hematopoietic stem and progenitor cells (HSPC) or monocytes, which contain DCs,
are isolated from peripheral blood and treated with different cytokines to induce
differentiation and induce maturation. Following differentiation, TAAs are loaded on
the DC’s MHC-I molecules via two different approaches: (i) the secretory pathway of
antigen presentation and (ii) the vacuolar pathway or cross presentation pathway, in
which TAAs can be trimmed by lysosomal proteases and directly loaded onto MHC-I
in the endosome. Various preclinical and clinical studies have demonstrated the
immunogenicity and safety of DC therapy[97]. However, the results of clinical
responses has been limited due to multiple reasons including low migratory capacity,
cytokine release and especially insufficient antigen presentation [98]. Many solutions
have been applied to enhance TAA presentation, including expression of an
extracellular vesicle-internalizing receptor (EVIR) to increase antigen uptake, or
disruption of YTH N6-Methyladenosine RNA Binding Protein 1 (YTHDF1) which
reduces translation of lysosomal cathepsins to decrease TAA degradation [96, 99].
Recently, induced DCs (iDCs) have been successfully differentiated from Induced
Pluripotent Stem Cells (iPSCs) which are embryonic-like pluripotent cells programmed

back from skin or blood cells [100].
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1.3.2.3 MHC Single Chain Trimer (SCT) technology

The polymophism of HLA types and diversity of peptides result in many different
MHC-1 molecules being expressed between individual cell types and cells from
individuals. This flexibility in the composition of MHC-I molecules also enhances the
possibility of pathogen-specific peptides being presented to generate effective CD8+
T cell responses. However, both virus and cancer cells has developed their own
mechanisms to evade or escape from antigen presentation. Therefore, scientists have
paid their attention to develop methods for manipulating MHC-I molecules to improve
CD8+ T cell responses and expand CTLs populations for therapeutic purposes [101].
One of these methods is the development of MHC-I single-chain trimers (SCT), which
was first described by Hansen and his colleagues in 2002 [102]. SCTs has been
intensively studied and have been specifically evaluated as potential DNA vaccine
platforms (Table 1.2). However, the SCT approach encountered certain limitations

which has led this technology to gradually receive less attention.
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Table 1.2. Summary of

studies using MHC-I single-chain trimers to induce CTL

Northumbria University

responses.

Antigens/peptide Origin of
Year MHC type Ref

sequence peptide
2002 H-2K® OVA (SIINFEKL) Ovalbumin [102]
2005 H-2KP E6 antigen HPV [182]
2005 HLA-E Beta2m (VMAPRTLIL) Human [183]
2007 HLA-A2 N220 (LALLLLDRL) SARS-CoV [184]
2007 H-2K® E6 antigen HPV [185]
2007 HLA-E VMAPRTLVL CMV [186]
2007 HLA-A2 Mesothelin (aa540-549) Human cancer [187]
2009 H-2D(b) ASNENMDAM Influenza [188]
2010 HLA-A2 SVG9 West Nile Virus [189]
2010 H2-Kb TRP-2 (SVYDFFVWL) Melanoma [190]
2011 HLA-A2 SLYNTVATL HIV [191]
2014 HLA-A2 Matrix (GILGFVFTL) Influenza A [192]
2015 H-2DP VEGFR2 (aa400-408) Human cancer [193]

MHC-1 SCT molecules are a fusion between all components in the order from N- to C-
terminal as follows: specific peptide, linker 1, B2M, linker 2 and HLA class | heavy
chain (Figure 1.4B) [102]. SCTs are often constructed in the form of a DNA plasmid
and delivered into cells for protein expression. After transfection, SCT DNA is
expected to be transcribed in the nucleus and translated within the ER. Via the MHC-
| assembly pathway, naked SCT residues are folded and potentially bypass all quality

control checking before translocating to the cell surface. Compared to conventional
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MHC-I molecules, SCTs are assembled independently of TAP as demonstrated by
their expression in TAP-deficient cell lines [191]. SCT expression also requires a
match between HLA class | types and their HLA-specific peptides. A study of SCT
transfection into TAP-deficient cells showed that an HLA-A2 SCT encoding an HLA-
A2-restricted HIV epitope (SLYNTVATL) exhibited enhanced expression at the plasma
membrane than an HLA-A2 SCT encoding a HLA-B27-restricted influenza virus
epitope (SRYWAIRTR) [101]. Studies have also described that specific T cells can
recognize SCT complexes and induce immune responses without any cross-reactivity
caused by the presence of linkers between the presented peptide, B2M and heavy
chain [194, 195]. NK cell surface receptors can also recognize MHC-I SCT constructs
and have been used to inhibit NK cells from being activated and thus eliminating cells

expressing the SCT [196].

Due to the unique properties of MHC-class | SCTs, they have significant advantages
in generating CTL responses but also possess difficult obstacles to overcome before
application for clinical use. Various studies using MHC-I SCTs as DNA vaccines
provided very optimistic results in generating as well as detecting CD8+ T cell
responses (Table 1.2). As mentioned above, many viruses and tumor cells can inhibit
the presentation of pathogenic antigens, but SCT technology brings the potential
solution to overcome some of these evasion mechanisms. For instance, the
endogenous synthesis of SCTs is independent of the peptide transporter associated
with antigen processing, therefore, SCTs can still induce CTL responses against cells
infected by TAP-targeting viruses such as Herpes simplex virus (HSV). Additionally,
SCT technology can be used to generate artificial antigen-presenting cells (aAPCs)

which present highly specific antigens to activate and expand CD8+ effector
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lymphocytes [197]. In Obermann’s study, aAPCs were developed by transfection of
MHC-I negative Daudi cells (which lacks expression of B2m) with an SCT construct
ensuring presentation of the peptide influenza virus matrix M1ss-es (GILGFVFTL) -
HLA-A2 complex. These aAPCs were equally efficient in stimulating influenza M1-

specific T cells compared to autologous monocyte-derived DCs [197].

Despite their great potency, SCT technology still faces barriers with reduced research
interest. The most significant disadvantage of SCTs is that they require delivery in the
form of DNA plasmid platform. Although transient transfection of DNA platforms does
not require integration of nucleic acids into the host cell genome [198], expression of
SCTs will eventually be lost as host cells replicate and therefore lose the ability to
repeatedly stimulate antigen-specific T cells over time [199]. Therefore, new SCT
platforms are necessary to fully exploit the potency of this technology for use in
different approaches such as stimulating anti-viral responses and potential

immunotherapy of cancer.
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1.4 Ankylosing Spondilitys and HLA-B27 gene

1.4.1 Clinical features of Ankylosing Spondilytis

Ankylosing Spondylitis (AS) is a major subtype of the Spondyloarthropathy (SpA)
family of inflammatory arthritic diseases. Subtypes of SpA have common clinical
symptoms and genetic predisposition. Besides AS, the other subtypes of SpA are
Reactive Arthritis (ReA), Psoriatic Spondylarthritis (PsA) and undifferentiated
spondylarthritis [103]. Among them, AS is the most common with the estimated
prevalence of up to 1.2% [104]. AS is an autoimmune disease which seems to develop
through complex interactions between environmental factors and genetic background.
In AS, inflammation appears initially in sacroiliac and spinal joints, as well as their
adjacent soft tissues including ligaments and tendons. In severe cases, inflammation
can lead to calcification and fibrosis which later causes loss of spinal mobility and
fusion of the spine, leading to the clinical manifestation known as “bamboo spine”

(Figure 1.5) [105].
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Figure 1.5. Spinal joint of healthy and Ankylosing Spondylitis individuals.
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In AS cases, chronic inflammation can lead to the fusion of the spinal vertebrae and
joints. Inflammation is thought to occur at the entheses and cause enteritis which is also

common in AS patients Image was obtained from Christopher Shaffrey [105].

Effects of AS can appear within different parts of the body and organ systems as well
as differ between patients. Ankylosing means “stiffening” and Spondylitis means
“spine inflammation”, therefore, the main clinical symptom of AS is progressive spinal
rigidity, causing frequent stiffness and pain in the lower back [106].The spinal pains
and stiffness often appear in the morning and after rest, but these symptoms can be
relieved and improved with a warm shower or light exercise [107]. Overtime,
inflammation of the spine can lead to the formation of syndesmophytes which are bony
out growths originating from spinal ligaments and can initiate vertebrae fusion,
probably as a result of an imbalance between osteoproliferation and osteodestruction.
Bamboo vertebrae decrease flexibility of the spine, leading to difficulty in mobility and
posture changes. As the ribs are attached to vertebrae, fusion of the spine can cause
difficulty in expanding the chest and affect inhalation function. The chronic
inflammation primarily develops in the sacroiliac joint, but over time it can spread to
other joints including jaw, neck, ribs, shoulder blades, knees, hip, ankles and feet
[108]. On the other hand, AS manifestations also include peripheral arthritis which
mainly affects the lower limbs and is recorded in around 20% of AS patients [109].
Additionally, Brophy’s study has shown the interrelationship between AS and

inflammation of other organs such as the gut, eyes and skin [110].

A study by Dean et al reported that AS prevalence estimates can vary between
populations of different continents and between genders [111]. North American and

European countries have the highest prevalence of AS with means of 31.9 and 23.8
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per 10,000, respectively. However, there appeared to be lower prevalence within
Asian, Latin American and African populations with rates of 16.7, 10.2 and 7.4 per
10,000, respectively. The estimated total amount of AS cases ranges from 4.63 to 4.98
million in Asia and from 1.3 to 1.56 million in Europe. In addition, males reportedly
account for the vast majority of AS cases with the mean gender ratio being 3.4:1

(males:females).

AS symptoms often develop slowly and are predominantly diagnosed via imaging tests
using X-ray and MRI to monitor changes in joints and bones [240]. Most of the current
AS treatments are only capable of relieving symptoms but not reversing the disease.
Anti-inflammatory treatments include anti-TNF-a monoclonal antibody (secukinumab),
anti-IL-17 monoclonal antibody (ixekizumab) and corticosteroids but these treatments
also lead to several side effects caused by depressing the immune system against
other pathogenic factors [108]. Overall, a lack of early diagnosis and disease-
modifying therapeutics of AS come from the limitation in understanding the

pathogenesis of the SpAs which may involve heredity, immunity and other factors.

1.4.2 Pathogenesis of AS

Despite the intensive study during the last five decades, the mystery regarding the
mechanism of AS development has not been revealed yet. In 1973, HLA-B27 has
been identified to be strongly associated with SpA by two independent groups [112,
113]. However, recent genome-wide association studies (GWAS) have identified more
than 100 other common loci which potentially contribute to disease risk and is

dominated by HLA-B27 [114]. Therefore, the pathogenesis of AS can be categorised
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into two groups: HLA-B27 and non-HLA-B27 including other MHC alleles and IL-23/IL-

17.

4.1.2.1 HLA-B27 association

Despite an unclear disease mechanism, studies have demonstrated a role for HLA-
B27 in the development of AS [115]. One of the key studies which illustrated a direct
role for HLA-B27 was the expression of HLA-B27 as a transgene in rats. Hammer’s
study [116] revealed that transgenic rats expressing more than 50 copies of HLA-B27
develop spontaneous AS-like disease, with more prevalent colitis or inflammatory
bowel conditions than axial skeletal disease. On the other hand, transgenic rats with
less than 50 copies of HLA-B27 remain healthy. Interestingly, subsequent studies
observed that transgenic rats expressing both HLA-B27 and hB2M proteins develop
similar colitis conditions, but more severe arthritis and high incidence of ankylosis of
the axial skeleton [117]. Furthermore, engraftment of bone marrow cells from HLA-
B27 transgenic rat can induce the development of AS-like disease in previously
healthy rats [118]. Thus, transgenic rat models emphasize the influence of HLA-B27

in the pathogenesis of AS as well as other pathologies associated with AS.

The prevalence of HLA-B27 is 3-8% of the world population but AS only develops in
1-2% of the HLA-B27 positive population [119]. However, HLA-B27 is found within the
majority of AS cases (90-95%), and the percentage of HLA-B27 positive monozygotic
and dizygotic twins developing AS are 63% and 23%, respectively [120]. Additionally,
the first-, second-, and third-degree relatives of AS patients have a remarkable high

risk of developing AS with 94%, 25% and 4%, respectively [121].
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HLA-B27 belongs to the family of MHC-I surface proteins encoded by the HLA-B locus
on chromosome 6. HLA-B27 exhibits one of the highest genetic polymorphisms with
160 known subtypes from HLA-B*27:01 to HLA-B*27:106 with different prevalence
rates between different ethnicities [122]. Studies demonstrated that HLA-B*27:05, 04
and 02 are the most prevalent subtypes in AS for Caucasian, Chinese and
Mediterranean populations, respectively [122-124]. By contrast, HLA-B*27:06 and :09
are reported to not be associated with AS [125, 126]. To date, the role of HLA in AS
has not been elucidated. There are 4 main hypotheses proposed to explain the
relationship between HLA-B27 and AS i.e. the arthritogenic peptide, molecular

mimicry, misfolding and cell-surface HLA-B27 homodimer hypotheses.

Both the arthritogenic peptide and molecular mimicry hypotheses are based on the
presentation of HLA-B27-specific peptides that can stimulate CD8+ T cell responses.
The arthritogenic hypothesis suggests that HLA-B27 presents one or more
autoantigenic peptides [127]. These self-antigens are then thought to trigger HLA-B27
restricted CTL responses against any cells presenting these peptides. For instance,
collagen-derived peptides has been observed to stimulate CD8+ T cells responses in
the synovial fluid of AS patients and these responses were blocked when samples
were treated with an anti-HLA-B27 antibody [128]. Recently, by comparing the
spectrum of peptides presented by eight of the most frequent HLA-B27 allotypes (from
HLA-B*27:02 to HLA-B*27:09), 26 arthritogenic peptides had been identified to be
presented in low abundance by non-disease-associated subtypes HLA-B*27:06 and
HLA-B*27:09 than disease-associated HLA-B27 subtypes [129]. Further analysis

revealed that only 10 peptides did not contain obvious features which could imply an
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impaired binding to HLA-B*27:06 or :09. These peptides might be considered as the

potential arthritogenic self-peptide candidates for further studies.

The molecular mimicry hypothesis also suggests that AS is initiated by peptides
presented by HLA-B27, but of pathogenic origin. After infection, the pathogen derived
peptides are thought to activate CTLs that detect and eliminate pathogen infected
cells. However, these antigen(s) may be partially or completely identical to HLA-B27-
derived peptides or self-peptides presented by HLA-B27 itself [130]. One of the most
highlighted bacteria related to AS is Klebsiella pneumonia (K. pneumonia), which is a
bacterium often found as part of the normal gut flora. On occasions, K. pneumonia
becomes an opportunistic pathogen and has been proposed to initiate or participate
in the development of AS as a triggering and/or perpetuating factor [131]. Some
components of K. pneumonia share homologous amino acid sequences with possible
self-peptides, which can potentially lead to cross reactivity between bacterial antigens
and HLA peptide complexes. This cross-reactivity can subsequently induce production
of anti-bacterial antibodies binding to HLA-I heavy chains on fibroblast, chondrocytes
and immunocytes [132]. Another pathogen candidate proposed to lead to molecular
mimicry is Chlamydia trachomatis (C. trachomatis), which is an intracellular bacteria
and has been reported to elicit HLA-B27-restricted T-cell responses in Reactive
Arthritis patients [133]. Beside bacterial pathogens, molecular mimicry of HLA-B27-
bound self-antigens has also been suggested to originate from viruses. Based on
computational analysis, several viral proteins from common viruses such as EBV, HCV
or hCMV have homologous amino acid sequences with myelin basic protein [134],
human transglutaminase protein [135] and GADG65 [136], respectively and are thought

to participate in the development of autoimmune diseases such Multiple sclerosis. So
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far, the molecular mimicry hypothesis has yet to be elucidated because no study has

identified any HLA-B27 associated self-peptide resembling pathogenic antigens.

Figure 1.6. Proposed HLA-B27-related-pathogenic mechanisms of Ankylosing
Spondylitis.

Properly folded HLA-B27 heavy chain associates with the B2M protein and peptide,
leading to CD8+ T cell activation. However, HLA-B27 is also proposed to present auto-
peptide(s) or pathogen-like peptide(s) on some occasions which can activate T cells to
attack healthy cells. HLA-B27 dimers can be found within the ER and cell surface. ER
dimers which are the products of inappropriate folding, might lead to ER stress and
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activate the unfolded protein response. On the other hand, surface dimers, formed by
the recycled heavy chain after releasing B2M and peptide, can interact with receptors,
such as KIR and LILR. Subsequently, these interactions can activate KIR3DL2* CD4* T
lymphocytes and amplify production of IL-17 and TNF-a. These cytokines are suggested
to stimulate inflammatory reactions which affect the regulation of bone formation and

destruction. lllustration was obtained from Zhu et al, [108].

As mentioned in section 1.2.2, the MHC-I complex assembles within the lumen of the
ER under the stringent regulation of ER chaperones and the peptide loading complex
prior to translocation to the plasma cell membrane. A normal MHC-I complex consists
of only one heavy chain, B2M and antigenic peptide. However, in the case of HLA-
B27, studies have reported the existence of three different forms of HLA-B27 heavy
chains including: cell-surface heterotrimers, heavy-chain dimers and heavy-chain
monomer (Figure 1.6) [137]. The abnormal forms of HLA-B27 heavy chain have been
found at higher rates by AS-related MHC -1 subtypes, including HLA-B*27:05, 04 and
02, compared to non-disease-associated subtypes HLA-B*27:06 and 09. HLA-B27
heavy chains have been suggested to misfold within the ER during assembly when
disulfide bonds are being formed and before acquisition of B2M and peptide. MHC-|
molecules contain four conserved cysteines (C) which form intramolecular disulphide
bonds between C101-C164 and C203-C258 within the a2 and o3 domains,
respectively. The HLA-B27 heavy chain possesses three additional unpaired cysteine
residues at p67 (extracellular region), p308 and p325 (intracellular region). It has been
proposed that the expression of C67 can lead to HLA-B27 misfolding and contribute
to slower maturation kinetics than other HLA class | alleles. As a result, the aberrant
HLA-B27 molecules form interchain disulphide-linked homodimers either at the
plasma cell membrane, or even accumulate within the ER [138]. These aberrant

features of HLA-B27 have been the foundation of the hypotheses proposing that
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misfolding protein and aberrant HLA-B27 forms are involved in the disease

mechanism of AS.

Under the pressure of HLA-B27 misfolding, ER function can possibly be perturbed and
lead to the activation of ER stress responses by triggering the Unfolded Protein
Response (UPR) (Figure 1.6) [139]. The UPR is an adaptive pathway that decreases
the accumulation of misfolded protein to maintain cell function and viability. The UPR
is initiated via three UPR stress sensors including activating transcription factor 6
(ATF6), protein kinase RNA-like ER kinase (PERK) and inositol-requiring protein 1
(IRE1) [140]. The association of the ER luminal domain of these UPR stress sensors
with BiP maintains them in an inactive state [141]. During ER stress, it is thought that
BiP is sequestered away from these effectors by the unfolded proteins thus leading to
the activation of these effector proteins via autophosphorylation and oligomerization.
Subsequently, the UPR stress sensors initiate a transcriptional program to boost
expression of chaperones which improve protein folding as well as inhibit protein
translation to decrease the misfolding protein load within the ER [142, 143]. The
evidence for HLA-B27-induced UPR was reported through the upregulation of the UPR
transcription factors X-box binding protein 1 (XBP1), activating transcription factor 4
(ATF4) and activating transcription factor 6 alpha (ATF6a) as well as downstream
target genes including CHOP in cells from HLA-B*27:02/B2M transgenic rats and
patients with SpA [144, 145]. The UPR also intersects innate immune responses to
activate upregulation of IL-23 and IFN-B with enhanced expression of cytokines

augmented by interaction with toll-like receptor (TLR) agonists [146, 147].

A further hypothesis stipulates that aberrant HLA-B27 forms, such as free heavy chain

(FHC) homodimers and monomers can affect the immune response and
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proinflammatory responses [148]. In vitro studies have demonstrated that tapasin-
deficient cells express higher levels of FHC homodimer than those expressing tapasin
[149]. Additionally, HLA-B27 homodimers are mostly found in the synovium and gut of
AS patients [108]. HLA-B27 homodimers were described to interact with killer cell
immunoglobulin-like receptors 1 and 2 (KIR3DL1 and KIR3DL2) and Immunoglobulin-
like transcript 4 (ILT4) [150]. Interaction between HLA-B27 homodimers and KIR3DL2
can enhance the proliferation of NK cells and stimulate Th17 CD4+ T lymphocytes to
produce IL-17 [151]. IL-17 plays a central role in innate immune and stromal cells to
promote antimicrobial functions and inflammation. Additionally, IL-17 is likely to
contribute to pathogenesis of autoimmune disease involving bone immunopathology
via its potential pro-osteoclastogenic effects [152]. KIR3DL2-HLA-B27 interactions
were also described to enhance the survival and differentiation of KIR3DL2*CD4* T
cells which release more cytokines including TNF-a, INF-y and IL-17 than KIR3DL2"
CD4* T cells [153]. ILT4, also known as LILRB2, is an immune receptor expressed on
NK, T, B and dendritic cells. B27 homodimers and FHCs have been shown to bind
ILT4 with stronger avidity than B27 heterotrimers and this interaction has been
suggested to play a role in AS pathogenesis [154]. Due to the lack of antibodies which
are specific for HLA-B27 homodimers and monomers, studies were limited in being

able to distinguish between different types of aberrant HLA-B27 molecules.

4.1.2.2 Non-HLA-B27 association
Despite being the most strongly associated with AS, HLA-B27 only contributes 20%
of disease heritability [155]. Therefore, other genetic factors also need to be

considered. Beside HLA-B27, other non-HLA-B27 MHC alleles have been found to be
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associated with AS in different populations. For instance, three of eight HLA-B27
negative cases were positive for HLA-B39 in Yamaguchi’s study of Japanese patients
[156]. HLA-B60 and HLA-B61 have been reported to increase the AS risk in
Caucasian, Taiwanese and Chinese populations [157]. The above HLA class | alleles
share some common features with HLA-B27 such as C67 in the case of HLA-B39.
Non-HLA-B27 MHC alleles associated with AS not only included other MHC-I loci but
also MHC-II alleles, for example HLA-DRB1, HLA-DQA1, HLA-DPB1, and others
[119]. These MHC-II molecules may take partin AS development via their participation

in antigen presentation and inflammatory processes.

Besides HLA-B27 and other non-HLA-B27 MHC alleles, GWAS studies have also
reported that non-MHC variants also contribute ~7% to the pathogenesis of AS [114,
158]. Perhaps the most significant non-MHC variants associated with AS are those of
ERAP1 coding for endoplasmic reticulum aminopeptidase 1 and ERAP2 coding for
endoplasmic reticulum aminopeptidase 2 [159]. Both ERAP1 and ERAP2 have roles
in optimizing HLA-I-antigens by trimming peptides to their optimal length of 9-10 amino
acids within the ER [160]. While ERAP1 was reported to be associated with HLA-
B27negative gand HLA-B40Postve AS cases, ERAP2 has been reported to be associated
with both HLA-B27Postve and HLA-B40Postve AS cases [161]. AS-associated variants of
ERAP1 and ERAP2 has been described to affect the amount of relevant peptide
loading onto MHC-I molecules, reduce MHC-I complex maturation rates and induce
ER stress as well as AS development [119]. The ERAP1 gene is polymorphic and
various polymorphisms of ERAP1 are associated with protection, disease and being
neutral to disease development [162]. Besides trimming of peptide precursors, ERAP1

was also suggested to be involved in shedding cytokine receptors such as decoy IL-1
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receptor (IL-1RIl), TNFR1 and IL-6Ra [163]. However, there is no strong in vivo
evidence supporting cytokine receptor cleavage by different ERAP1 polymorphisms

associated in AS susceptibility [164].

GWAS studies have also indicated that genetic components of the IL-23/IL-17 axis are
associated with AS, with an IL-23 receptor (IL-23R) single nucleotide polymorphism
(SNP) being identified to be associated with AS especially in HLA-B27 negative AS
groups [165]. IL-23, a key inflammatory cytokine, acts as a bridge between innate and
adaptive immunity [166], and plays an important role in maintaining and expanding T
helper type 17 cells (Th17). Following triggering by IL-23, TGF- 3 and IL-1 8, activated
Th17 cells release their effector cytokines including IL-17, IL-21, IL-22 and GM-CSF
to mediate immune responses against pathogens such as fungi and bacteria [167]. In
Heiner’'s study [168], IL-17* cells were present in AS facet joints and AS patients had
higher serum levels of IL-17 and IL-23, which are mainly secreted by activated DCs
and macrophages in peripheral tissues such as the intestinal mucosa, joints, skin or
lungs [169]. This study suggests a possible role for the innate immune system in the
inflammatory processes in AS. Dysfunction of the IL-23/IL-17 axis was also reported
to be associated with human immunological disorders including SpA, psoriasis,
rheumatoid arthritis and IBD [170]. An uncommon coding variant sr11209026
(c.1142G>A, p.Arg381GIn) within the IL-23R cytokine molecule was considered to limit
IL-23R function and subsequently affect production of IL-17 [171]. On the other hand,
HLA-B27 homodimers were reported to stimulate the survival, proliferation and IL-17
production of KIR3DL2* CD4+ T cells [149]. Additionally, several KIR3DL2* Th17 cells
were found to be 70% higher in SpA patients compared with a healthy B27 negative

control group. Thus, both activation of the IL-23/IL-17 axis and expression of aberrant
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forms of HLA-B27 may contribute to the pathogenesis of AS and other related

diseases.

1.4.3 Key structural features of HLA-B27 molecules

Although several studies have been conducted to determine the role of HLA-B27 in
AS, the key feature of this molecule leading to disease and the mechanism remain
unclear. Current studies have focused heavily on the subtype HLA-B*27:05 as it is the
most prevalent subtype in Caucasian AS patients. Besides assessing the structural
factors affecting folding, one of the ways to find the key points leading to AS is to
compare the structural features between disease associated HLA-B27 subtypes (HLA-
B*27:02, 03, 04, 05, 07 and 08) and non-disease associated HLA-B27 subtypes (HLA-
B*27:06 and 09). Comparison of the major disease associated subtypes and the 06
and 09 subtypes demonstrated there are minimal differences in amino acid sequence

between the subtypes (Table 1.3).
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Table 1.3. Amino acid differences between 6 of the most frequent HLA-B27 allotypes
and non-AS associated HLA-B*27:06 and 09 subtypes.

Table was adapted from Sian et al, [172]

Amino acid position Ref

47 59 60 67 77 80 81 82 83 97 113 114 116 131 152 164 211
Associated  B*27:05 P Y w C D T L L R N Y H D S \% C A

[
B*27:04 S E G  [126]
B*27:02 N I A [173]
B*27:03 H [126]
B*27:07 S H N Y R [174]
B*27:08 S N R G [173]
Non- B*27:06 S D Y E G [126]
associated  B*27:09 H [125]

An unpaired cysteine at position(p) 67 (C67) is expressed by almost all subtypes of
HLA-B27, except for two rare subtypes HLA-B*27:18 (S67) and -B*27:23 (F67) [175].
Within HLA-A and HLA-B alleles, the high polymorphism of p67 indicates that this
amino acid is relevant for peptide binding. Indeed, the C67 residue of HLA-B27 forms
part of the B pocket of the antigen binding groove and helps determine part of the
specific anchor motifs of HLA-B27 binding peptides, with arginine being the preferred
residue at position R2 (Figure 1.8A) [176]. Peptide-binding studies revealed that
proper folding of HLA-B27 requires 30-fold higher number of peptides compared to
HLA-A2, due to differences in B pocket residues [137]. Moreover, Dangoria et al’s
study has revealed that the disulphide intramolecular formation of newly synthesized
HLA-B27 was dependent on the unpaired C67 [177]. Subsequent studies showed that
unpaired C67 can contribute to the dimerization of HLA-B27 heavy chain, which has
been proposed to be involved in AS pathogenesis [178, 179]. Lastly, B27.C67S
transgenic rats develop disease with a milder phenotype than wild-type B27 transgenic

rats [180]. However, so far, no study has confirmed that C67 is solely responsible for
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dimerization or multimerization of HLA-B27 heavy chains, due to the lack of other AS

models containing variants at p67 of this molecule.

A B

HLA-B*27:05 HLA-B*27:09

Figure 1.7: Structural features of HLA-B*27:05 and HLA-B*27:09.

Protein crystal structure of HLA-B*27:05 (A) and HLA-B*27:09 (B) are shown as viewed
from the top and from the side of the a2-helix. The heavy and light chains of each MHC

complex are depicted in light grey and dark grey, respectively. For each MHC complex,
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three binding groove pockets A, B and F are depicted, with each bound to an EBV-derived
peptide pLMP2 ((RRRWRRLTV)(yellow). Nitrogen and Oxygen atoms are marked in blue
and red, respectively. This illustration shows the effect of H116 on the conformation of
bound pLMP2 peptide in HLA-B*27:09 (canonical-binding mode) versus D116 in HLA-
B*27:05 (noncanonical-binding mode). The figure was adapted from Uchanska-Ziegler et
al [123].

There is a single amino acid difference between HLA-B*27:05 (AS-associated
subtype) and HLA-B*27:09 (non-AS-associated subtype) at p116 i.e. an aspartic acid
(D) to histidine (H) change (Table 1.2). D116 is located on the floor of the binding
groove which belongs to the F pocket which binds the peptide C-terminus. In HLA-
B*27:09, H116 binds to the central pR5 of the peptide, pointing toward the solvent. In
contrast, in HLA-B*27:05, D116 forms a salt bridge with the same peptide and binds
to pR5 of the peptide but pointing into the binding groove [181]. As a result, although
HLA-B*27:05 and B*27:09 may present a peptide with the same sequence, the distinct
spatial structures can lead to different recognition by TCRs (Figure 1.8). Therefore,
the amino acid at 116 could play an important role in presenting arthritogenic peptides
and/or those that can potentially contribute to molecular mimicry. Further studies of
D116 and H116 of HLA-B27 heavy chain may offer insights into the mechanism of AS

and other related diseases.
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1.5 Gene-editing Technology

Gene editing, the technology to introduce specific changes in the genome sequence
of a living tissue or organism, has gone through many extraordinary milestones in its
history of development. After the discovery of the DNA double helix structure in 1953
by James Watson, Francis Crick and Rosalind Franklin, scientists have continually
been focusing on pursuing an effective method for DNA intervention and editing to
treat human diseases. In 1968, Werner Arber discovered types of proteins which
assisted bacteria to recognize and degrade bacteriophage DNA to protect the host
which later became known as restriction enzymes [200]. The first gene-editing studies
were conducted in yeast and mouse models during the 1970s and 1980s [201-204].
In 1985 and 1993, zinc finger nucleases (ZFN) and Clustered Regularly Interspaced
Palindromic Repeats (CRISPR) were, respectively, discovered but their medical
applications were still very limited at the time [205, 206]. Following the first human
chromosome sequence in 1999, the 2000s observed the full Human Genome being
mapped, which fueled the development of gene-engineering technology. One year
after the discovery of the transcription activator-like effector nucleases (TALEN), in
2012 Jennifer Doudna, Emmanuelle Charpentier, and their research groups
successfully revealed the biochemical mechanism of CRISPR activity, especially
CRISPR-Cas9 [207]. One year later, the first use of CRISPR outside the world of
bacteria was demonstrated by Feng Zhang and colleagues’ whose protocol
demonstrated manipulating genetic material in eukaryotic cells [208]. Zhang and
colleagues successfully designed a CRISPR/Cas9 system to target the human Dual
Specificity Tyrosine Phosphorylation Regulated Kinase 1A (DYRK1A) at efficiencies

of 65-68% for each locus in HEK cells. Additionally, targeting the Empty Spiracles
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Homeobox 1 (EMX1) loci revealed that 49% of clones were heterozygous for the
deletion, whilst 11% expressed a homozygous deletion [208]. In 2018, the CTX001
project was the very first CRISPR clinical trials of experimental treatment for genetic
blood disorders which included severe sickle cell disease (SCD) and transfusion-
dependent beta thalassemia (TDT). The project represented a collaboration between
two companies, Vertex Pharmaceuticals and CRISPR Therapeutics in recruiting
patients carrying mutations in the hemoglobin $ subunit gene (HBB). The CRISPR-
Cas9 system was designed to target the erythroid-specific enhancer region of BCL11A
in hematopoietic stem and progenitor cells (HSPCs) isolated from patients by
apheresis after mobilization. Disruption of BCL11A expression restored y-globin
synthesis and reactivated production of fetal hemoglobin. The latest data from the
CTXO001 project targeting TDT, showed that ten patients who had received gene-
editing based therapy had made positive improvement in fetal hemoglobin levels, with
no blood transfusions and pain relief required [209]. In the same year, Jennifer
Doudna and Emmanuelle Charpentier were awarded The Nobel Prize in Chemistry for

the development of CRISPR.

1.5.1 Mechanism of gene editing

Double-strand breaks (DSBs) in DNA are estimated to occur ten times per day per cell
in dividing mammalian cells, which can lead to unwanted and deleterious chromosome
rearrangements resulting in gene organization disruption and function [210, 211]. The
outcomes of DSBs pose a potential threat to the stability of the genome,
tumorigenesis, or risk premature cell death [212-214]. To minimize the damage
caused by DSBs, different DSB repair pathways have evolved and are utilized by

mammalian cells [212-214]. Each cell decides their DSB repair pathway based on their
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cellular context which includes the local chromatin environment and cell-cycle phase
[210]. In mammalian cells, the two-ended DSB can be repaired by following two main
mechanisms: classical non-homologous end joining (NHEJ) and homologous
recombination (HR) [215-217]. DSB at the target genomic sequence of interest is the
first requirement for achieving high efficiency genome editing and NHEJ or HR are

more favorable depended on the purpose of the application.

“Classical” NHEJ (cNHEJ) is distinct from the minor alternative end joining (aEJ)
pathway which cells utilize to repair DSBs in the absence of cNHEJ proteins. CNHEJ
is initiated by the binding of the dimeric protein complex Ku70/Ku80 to the broken DSB
ends [218, 219]. Subsequently, the complex of DSB and Ku70/80 recruits the DNA-
dependent protein kinase catalytic subunit (DNA-PKcs) to the broken ends and
establishes a long-range synapse [220]. DNA-PKcs become activated via
autophosphorylation and other proteins including the nuclease enzyme Artemis, which
can trim DSB ends, are recruited to the complex of DSB, Ku70/80 and DNA-PKcs
[221]. The heterodimer Ku70/Ku80 also recruits other NHEJ proteins including DNA
ligase IV (LIG4), the scaffolding proteins X-ray cross-complementing protein 4
(XRCC4), XRCC4-like factor (XLF) and the paralog of XRCC4 and XLF (PAXX) [222-
226]. XLF helps support the two DNA ends to become closely aligned, which enables
LIG4, which is stabilized by XRCC4, to start ligating the long-range synapse. At the
end of the NHEJ process, Artermis, DNA polymerases A and y and other enzymes
bind to the short-range synapse and ensure both appropriate ligation and
complementarity [227]. The final product of DSB repair following the NHEJ pathway is
a DNA sequence with the ends being joined precisely with either local small insertions

or deletions of nucleotides (indels). By introducing indel mutations, scientists often
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utilize the NHEJ pathway to in-activate a specific gene of interest for research or
clinical purposes.

DSB
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Figure 1.8. DNA double-strand break repair via non-homologous end joining and

homologous recombination pathways.

The recognition of ends by the Ku70/80 complex initiates NHEJ, followed by the
recruitment of DNA-PKs. Nucleases such as Artemis trim the incompatible DNA ends to
4-5 bases and then XRCC44-DNA Ligase IV-XLF ligation complex seals the break. The
HR pathway involves re-sectioning on the DSBs, which is initiated by MRN-CtIP-complex
to generate ssDNA which is later coated by RPA. Subsequently, BRCA2 promotes the
replacement of RPA by Rad51 which forms a nucleoprotein filament on ssDNA and
facilitates homology search and strand invasion, which lead to HDR. lllustration was

obtained from Brandsma et al [228].
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The second major pathway of DSB repair is Homologous Recombination (HR), in
which a similar or identical sequence is used as a template for accurate repair. While
cNHEJ operates throughout the vertebrate cell cycle, HR is restricted to S and G2
phases of the cell cycle only in higher eukaryotes [229]. The phase-restricted DR
pathway was suggested to prevent the recombination with non-identical sequences
and ensure error-free DNA replication of the sister chromatids. However, HR-mediated
DSB repair can lead to loss of heterozygosity (if the correction takes place between
maternal and paternal chromosomes) or the introduction of indel mutations (if repeats
are not aligned properly). During the HR pathway, the re-sectioning of the broken DNA
ends is initiated by the MRE11-RAD50-NBS1 (MRN) complex, which acts as a scaffold
for activation of the Ataxia Telangiectasia Mutated protein (ATM), which is the main
upstream kinase of DSB signaling [230]. Under ATM signaling, MRE11 endonucleases
interact with C-terminal binding protein (CtBP) and nicks the strand that ends at a DSB
to generate 3’-single stranded DNA (ssDNA) [231]. The secondary structure of the
ssDNA is then removed by the activity of Replication Protein A (RPA) [232]. BRCAZ2,
a breast and ovarian cancer predisposition gene, is subsequently activated by the
replacement of RPA by RAD51 to form a nucleoprotein filament. The RAD51-ssDNA
nucleoprotein filament promotes the recruitment of homologous sequences as a repair
template. Based on the intact sequence, the 3’-ssDNA end is extended by the catalytic
activity of RAD51 and other proteins including BRCA1, BARD1 and DNA polymerase
0 (Pol ©) [233, 234]. After complete restoration of one strand, the 5’ end of the broken
DNA is captured and repaired via formation of two Holliday junctions, where each
junction represents a branched nucleic acid structure containing 4 double-stranded

arms, to form the identical sequence with the template [228].
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1.5.2 Classification of Gene-editing Technology

The development of genome editing technology has been accompanied by the
discovery of programmable nuclease systems which have been used to introduce site-
specific modifications into genomic DNA by producing DSBs. There are four major
nuclease systems which include Meganucleases (MegNs), Zinc-finger nucleases
(ZFNs), Transcription Activator-like Effector Nucleases (TALENs) and more recently
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) (CRISPR/Cas-9) (Figure 1.10). Although these nucleases
share the ability to generate DSBs at specific DNA regions of the host chromosomes,

each of the systems still have unique characteristics.

A.Meganuclease C. TALEN
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Figure 1.9. Schematic diagram of four gene-editing endonuclease systems.

(A) Meganucleases (MegNs) contain long DNA-binding recognition sites (14-40
nucleotides). (B) Zinc-finger nucleases (ZFNs) consist of the restriction endonuclease
(Fok1) and zinc-finger domains recognizing 3 base pairs. (C) Transcription Activator-like
Effector Nucleases (TALENSs) are composed of a DNA-cleaving enzyme (Fok1l) and array

of nuclear effector domains which recognize single base pairs. (D) Clustered Regularly
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Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)
(CRISPR/Cas-9) is a complex of Cas9 nuclease and an artificially designed single-guide
RNA (sgRNA). The sgRNA navigates the complex to the target DNA site and Cas9

nuclease generates DSBs. The illustration were obtained from Alstem [235].

Families of Meganucleases (MegNs) are often encoded by genes located within self-
splicing elements and found in eukaryotic mitochondria and chloroplasts. MegNs have
an important role in exhibiting lateral mobility of genetic elements within an organism
and are known as “homing” endonucleases, which can cleave DNA at specific sites
and facilitate DSBs reparation using the HDR pathway followed by integrating MegN-
encoding sequences at new sites [236]. MegN consists of a DNA-binding domain
comprising 14-40 bp and a DNA-cleavage domain which can cleave dsDNA. Long
recognition sites by MegNs bring a huge advantage to therapeutic applications by
significantly increasing the specificity of DNA targeting compared to other genetic
editing technologies [237]. However, some biological characteristics of MegNs result
in many drawbacks in their use for clinical applications. First, MegNs only introduce
DSBs at known cleavage sites so operators must initially introduce this site into the
region of interest. Secondly, two functional domains of MegNs, including DNA-
cleavage domains and DNA-binding domains, are not separated distinctly so it is
difficult to design the sequence-specific enzymes for all desired targets. Thus, MegNs
present a challenge in gene-editing applications due to its complexity, expense, and

the time-consuming process.

With respect to transcription factors, Zinc finger nucleases (ZFNs) have been
artificially engineered to become site-specific restriction enzymes for the purpose of

genome editing. ZFNs are chimeric molecules, where each subunit contains two
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domains: the Fokl endonuclease and zinc finger domains (Figure 1.10B). The
restriction endonuclease Fok1, which originated from Flavobacterium okeanokoites
[238], consists of a DNA-binding domain and a non-specific DNA cleavage domain at
N- and C- termini, respectively [239]. The Fokl nuclease domain is fused to the zinc
finger domains, which are transcription factors, and each finger recognizes specific
sequence of 3-4 bases. Several studies have shown that higher numbers (3-6) of zinc
fingers enhance the efficiency and specificity of ZFNs introducing DSBs [240, 241].
Based on the known patterns recognized by preexisting zinc fingers, the ZFNs
structure is easy to design by using computational assembly. However, the cleavage
specificity of ZFNs is “context-dependent” because it does not only depend on the
target sequence but also on adjacent sequences [236]. This limitation can lead to
genome instability and fragmentation in the case where many non-specific cleavages
occur. Additionally, ZFN technology only facilitates targeting one single target at any
one time and can cause toxicity to host cells due to off-target effects [242]. The
insufficient specificity of DNA binding domains or inappropriate interactions between

domains facilitate DSBs at similar target sequences within the genome.

Similarly to MegNs and ZFNs, Transcription Activator-like Effector Nucleases
(TALENS) are also atrtificially engineered restriction enzymes but they tend to be more
efficient, specific and less expensive [243]. TALENSs are similar to ZFNs in that they
are also heterodimeric proteins consisting of a cleavage and DNA-binding domain.
While they both use the Fok1 restriction endonuclease as the cleavage domain, only
the DNA-binding domain of TALEN is composed of highly conserved repeats derived
from transcription activator-like effector, which is from the Xanthomonas plant

pathogenic bacteria [244]. DNA-binding domains of TALENS are capped by a transport
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and nuclear localization signal at the N- and C- termini, respectively. The middle region
of TALEN is a repeating 33-34 amino acid sequence with a variable region at the 12t
and 13" amino acid, termed Repeat Variable Di-residue (RVD). A combination of
appropriate RVD regions allows specific TALEN binding to its target sequence [245].
Compared to ZFNs, TALENS are easier to design, exhibit greater specificity, more
efficient in producing DSBs and are less toxic to host cells [246]. However, TALENs
technology is limited due to their large size, with the size of approximately 3kb for
cDNA coding a TALEN cassette, leading to difficulty with the delivery of the molecules

into cells for clinical application [247].

The RNA-guided engineering nucleases, known as the CRISPR/Cas system, is the
most recent platform developed for performing gene editing. Although the clustered
regularly interspaced short palindromic repeat, also known as “short regularly spaced
repeats”, was first discovered in the 1980s, this technology had to wait more than three
decades to be exploited intensively as a promising tool for precisely editing genomes.
Computational analysis showed that short regularly spaced repeats were found in
more than 40% of bacteria and 90% of archaea [248, 249]. These elements were later
known as CRISPRs. A group of genes were also identified to be located adjacently to
the CRISPR locus, which encoded the “CRISPR-associated system” or Cas proteins
[248]. The CRISPR/Cas system was suggested to play vital roles in the immune
system of bacteria and archaea against invading phage and plasmids [250]. While
ZFNs and TALENs recognize their target via DNA-protein binding, CRISPR/Cas
systems are guided by RNA-DNA interactions. All CRISPR/Cas systems consist of
two components: a cas protein and a guide RNA (gRNA or sgRNA). There are different

variants of Cas proteins such as Cas6 [251], Cas9, Casl2a or Casl12b [252] but my
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study was only focused on the type Il Cas9 nucleases which are also the most
intensively used in biological and biomedical research. Compared to other gene-
editing technologies, the advantages of CRISPR/Cas systems are their relative
simplicity, great efficiency, and flexibility for different applications. Details of

CRISPR/Cas9 components are discussed in the next section.

1.5.2 CRISPR-based technologies

1521 Natural CRISPR/Cas9 systems

CRISPR/Cas9 systems are the best characterized platforms used for mammalian
genome editing. There are several CRISPR/Cas9 platforms originating from different
species of bacteria and archaea, which are all composed of Cas9 nucleases and
SgRNA. The sgRNA is a chimeric molecule composed of the CRISPR RNA (crRNA)
and trans-activating crRNA (tracrRNA) (Figure 1.6A). The CrRNA array is encoded by
short variable sequences derived from exogenous DNA targets, which are known as
protospacers [253]. Each crRNA contains 20 nucleotides to guide Cas9 to the DNA
target via Watson-Crick base pairing and a partial direct repeat which is
complementary with part of the tracrRNA. Beside pairing with the crRNA, tracrRNA
has an additional long stretch of bases forming a “stem loop” structure which is bound
by the Cas9 nuclease. Recently, the sgRNA duplex has been simplified to one single

RNA molecule by fusing crRNA and tracrRNA together (Figure 1.11A) [254].

72



Dinh Dung Nguyen Northumbria University

A B
U--A REC lobe tracrRNA
30C--G
G C_-__ \
a Y2 . cRNA N
o G 5 54/
? U b A /IL 4
o V4 4
A Target DNA e
U--A \ ,
: Seed G-U \ Pl domain
GGCGCAUARAGAUGAGACGL spRAGGC > 7
i 7 B 4sillR _NUC lobe >
J vv‘EO»U\J e .
Guide RNA sequence X S—
70 U
AGUUCAAC
A AAAGUGUUCG 3
80 85
Protospacer
TIITII T TITT T TT TRTTr  ToT
PAM
Helical Target DNA

Cas9 —

Nuclease [
lobe LY

Figure 1.10. Schematic highlighting components of sgRNA and Cas9 nuclease.

(A) Detailed structure of the sgRNA which contains the 20-nt guide nucleotide and the
stem loop RNA scaffold. (B) Cas9 protein consists of two lobes: the recognition (REC)
and nuclease (NUC) lobes. The REC lobe is responsible for the formation of the RNP
with the sgRNA duplex. The NUC lobe consists of two nuclease domains (HNH and RuvC)
and a C-terminal region containing a Protospacer Adjacent Motif (PAM) - interacting (PI)
domain. (C) Schematic of Cas9-crRNA complex targeting DNA. (1) After forming the
complex of CRISPR/Cas9, the crRNA seed sequence (red) is available for pairing in an
19-20 nt A-form helix; (2) CRISPR/Cas9 complex binds to target DNA after recognizing
the PAM sequence (yellow) on the non-complementary strand; (3) Interaction between
Cas9 and the DNA duplex initiates strand separation on the protospacer sequence of
target DNA (green). (4) Cas9 nuclease performs cleavages under the propagation of

helix formation. Figure is adapted from Gorski et al [255, 256].
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The CRISPR/Cas system uses Protospacer Adjacent Motifs (PAMs), which are DNA
motifs located within the target site. Each type of Cas9 nuclease can be distinguished
by specific properties related to size, location of the introduced DSB and PAM
sequence requirement (Figure 1.12). Among the different types of CRISPR/Cas9
systems, Streptococcus pyogenes Cas9 (SpCas9) protein is commonly used, and it
made up of 1368 amino acids with a molecular weight (MW) of ~160 kDa. The PAM
motif of SpCas9 is 5’-NGG-3’, in which “N” can be any nucleotide. When the sgRNA
and PAM motif are matched with the target sequence, spCas9 introduces the DSB
between nucleotides at position 3 and 4 upstream of the PAM sequence. The Cas9
nuclease consists of two nuclease domains: HNH and RuvC. The wild type spCas9
introduces DSBs by using both nuclease domains. “Nickase” Cas9 is modified to
inactivate HNH domains by modifying histidine to alanine (H84A) or the RuvC domain
by modifying aspartate to alanine (D10A) to create single stranded breaks only, which
are also known as “Cas9 Nickase” [257-259]. CRISPR-Cas9 nickase-based systems,
which require 2 separate sgRNASs targeting opposite DNA strands in close proximity,
can be employed to generate a staggered DSB with overhangs [260]. Therefore, using

Cas9 nickase can achieve higher knock-in efficiency and lower off-target effects.
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Figure 1.11. Property Comparison of Natural CRISPR/Cas9 Systems.

Each strain of bacteria has a different type of Cas9 variant which are distinguished by
size, PAM motifs and length of gRNA-binding regions. Variants of CRISPR nuclease are
different in size fluctuating between 1053 and 1629 amino acids and PAM motif
requirement (blue sequence). The Cas9-mediated cleavage sites are pointed by the red

arrows. Table was adapted from Komor et al [261].

1.5.2.2 Delivery system of CRISPR/Cas9 for genome editing

Since the discovery of the CRISPR/Cas9 system, this powerful gene-editing
technology has been applied to various approaches including disease modelling
transcriptional regulation, nucleic acid imaging and gene correction. Especially,
CRISPR/Cas9 has intensively revolutionized the field of gene therapy by improving
the merits of accuracy and simplicity. However, one of the foremost barriers of this

technology is the insufficiency of rational delivery. Therefore, different CRISPR/Cas9
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platforms has been developed to overcome this difficulty. This section highlights the
design of CRISPR/Cas9 systems in forms of viral and non-viral particles including

plasmids, rRNAs and ribonucleoproteins (RNPS).

Up to the present day, delivery methods for clinical trials of in vivo gene-editing by the
CRISPR/Cas9 system have been mostly based around the transduction of viral
vectors including adenovirus (AV), lentivirus (LV) and adeno-associated virus (AAV)
[262]. All viral vectors have been modified to prevent self-replication or being inherited
by daughter cells. Each type of viral vector has its own advantages and disadvantages
which are summarized in table 1.4. AV is a non-enveloped virus with an icosahedral
nucleocapsid encapsulating the viral dSDNA genome. The high packing capacity (>8
kb) allows AV to deliver Cas9 and multiple sgRNA sequences for multiple targets for
gene-editing. For instance, AV-mediated CRISPR/Cas9 was employed to excise a
23kb genomic region covering mutant exon 23 of Duchenne Muscular Dystrophy
(DMD) to block the disruption of dystrophin in muscle fibers in a mouse model of DMD
[263]. In another study, an AV containing Cas9 and sgRNA targeting the missense
mutation (CTG > CGG) in the Epidermal Growth Factor Receptor (EGFR) oncogene
were employed to disrupt the mutant allele and enhance cancer cell killing in a

xenograft mouse model of human lung cancer [264].
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Table 1.4 Characteristics of viral vectors in clinical application.

Type  Size limitation Advantage Disadvantage References

AV >8 Kb No-integration, large capacity High [271]
immunogenicity

AAV 4.5 Kb Stable transgene expression, Low capacity [272]
serotype-specific targeting,

low immunogenicity

LV 8 Kb High capacity, mild Long lasting [273]
immunogenicity, stable expression of Cas9
expression

AAVs are small non-enveloped viruses containing linear single-stranded DNA
(ssDNA) genomes of approximately 4.8 Kb. Due to the low immunogenicity, serotype-
specific targeting, and stable transgene expression, AAVs have become the most
preferable choice for gene therapy. However, the packing size of AAVs is limited at
around 4.5 Kb, so small cas9 nucleases including truncated SpCas9 or S.aureus Cas9
(SaCas9) have been used to solve this issue [265]. For example, CRISPR/Cas9
mediated AAV has been used to introduce gene corrections of adult phenylalanine
hydroxylase (Pah), which is associated with the human autosomal recessive liver
disease phenylketonuria (PKU) [266]. The outcome of this study reported that up to
63% of the mMRNA exhibited a corrected sequence with PAH enzyme activity restored

in @ mouse model for PKU.

Another potential delivery system for CRISPR/Cas is employing HIV-1 derived LV, a
type of simple retrovirus. LV is a single-stranded RNA spherical virus using its

glycoprotein envelop to attach and enter the host cell. Owing to many prominent merits
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including high capacity (8 Kb), mild immunogenicity and stable expression, LV is an
excellent delivery method of CRISPR/Cas9 into nondividing cells, which have no ability
to pass the integrated vector to daughter cells. Due to the ability of host genome
integration, off-target effects caused by LV-mediated delivery are greater than other
approaches such as AV or AAV. To overcome this issue, a self-inactivating Cas9
system was developed by using two sgRNAs: one for the target gene and one for
disrupting the Cas9-coding gene [267]. Additionally, Angelo et al [268] constructed the
integration-defective LV (IDLV) by introducing point mutations in the integrase protein
of LV. IDLV-mediated transduction of CRISPR/Cas9 was exploited successfully in vitro
and in vivo to modulate expression levels of the SNCA gene, which encodes a small
protein called alpha-synuclein, in dopaminergic neuron-derived induced pluripotent
stem cells (hiPSC) [269]. In summary, viral vector transduction of CRISPR/Cas9 is the
preferable choice for gene-editing therapy due to their superior transfection efficiency
and general application [270]. On the other hand, viral delivery systems require
improvements with respect to specificity to lower off-target effects, immunogenicity

and increase the packaging capacity.

While viral approaches are more suitable for in vivo genome editing, non-viral
nanovectors for CRISPR/Cas9 delivery present a promising strategy for basic
research and ex vivo gene therapy. Compared to viral platforms, non-viral nanovectors
have some advantages including causing less cell injury, higher packaging capacity
and reduced risks of immune activation. Three major non-viral forms of CRISPR/Cas9
delivery are plasmid Cas9 DNA vector (pDNA), Cas9 mRNA and Cas9

ribonucleoprotein (RNP) (Figure 1.13).
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Figure 1.12. Schematic diagram of features of CRISPR/Cas9 platforms including
plasmids, mMRNAs and RNPs.

Before being transported into the nucleus, Nuclear Localization Signal (NLS)-fused Cas9
RNP can appear in the cytosol in three different ways: (i) transfection of Cas9 and sgRNA
DNA plasmid followed by the transcription and translation of the platform; (ii) transfection
of sSgRNA and Cas9 mRNA which are translated into Cas9 RNP in the cytosol; (iii) direct
transfection of RNP containing Cas9 protein and sgRNA. The table below shows
advantages and disadvantages of each platform. Illustration was obtained from Cheng
et al [270].
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Using CRISPR/Cas9 encoding plasmids which were developed by Feng Zhang’s
group, the delivery of gene-editing tools can be rapid [274]. Two expression cassettes
(pX330) can be used containing the Cas9 protein gene sequence and gRNA
separately. Within the Cas9 cassette, SpCas9 protein was expressed under the
control of a chicken B-actin promoter and fused with the nuclear localization signal
(NLS) for targeting the CRISPR/Cas9 system into the nucleus. The gRNA cassettes
can be of two forms: accessible crRNA with a core tracrRNA, or a complete single
guide RNA (sgRNA). Both types of gRNA vectors require the U6 promoter, a type |l
RNA polymerase Il promoter, to drive the expression of RNA. Although a single
expression cassette containing all CRISPR/Cas9 components including Cas9, gRNA
and HDR template were designed, this large plasmid was difficult to encapsulate [275].
CRISPR/Cas9 pDNA vectors are delivered into cells by lipofection using polyethylene
glycol (PEG), polyethyleneimine (PEI) or exosomes [275, 276]. For instance,
CRISPR/Cas9 plasmids, targeting the tumor suppressor gene MTH1, were delivered
by PEI-derived fluorinated polymer (PF33) and gave a high transfection efficiency as
well as enhanced MTH1 downregulation in mice [277]. The CRISPR/Cas9 pDNA is a
promising candidate for gene-editing research, due to its stability, simplicity, and low
cost of manipulation. However, limitations of CRISPR/Cas9 plasmids include
difficulties in compacting the cassette with large sizes (>10kb) into nanoparticles and

translocation of the systems into nuclei [278].

To overcome the disadvantages associated with pDNA CRISPR/Cas delivery, an
RNA-based CRISPR system has been tested and is now a potential approach for in
vivo genome editing. Basically, after entering the cytoplasm, Cas9 mRNAs are

translated into Cas9 protein, and then assembled into RNP with transfected sgRNAs
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followed by nuclear transport for genome editing. The advantages of RNA-based
CRISPR systems is that they are smaller molecular structures compared to pDNA,
have a quick onset, in which the transcriptions of Cas9 and sgRNA are skipped, and
low level off-target effects. The poor stability of RNA is one of the main limitations with
this CRISPR/Cas9 system and therefore requires methodology to protect the RNA
during delivery. A lipid nanoparticle (LNP)-based carrier, known as LAP-INTO1, have
been exploited to compress the structure and stabilize Cas9 mRNA and sgRNA into a
single nanoparticle [279]. Based on LAP-INTO1, dendrimer-based lipid nanoparticles
(dLNPs) have been developed to encapsulate multiple components for HDR including
Cas9 mRNA, sgRNA and donor templates in a ssDNA form. In Farbiak’s study [280],
dLNP were employed to deliver Cas9 mRNA, sgRNA, and donor template into
BFP/GFP switchable HEK293 cells with a single amino acid mutation Y66H.
Fluorescence imaging, DNA sequencing and flow cytometry results showed that HDR
efficiency was 55% in vitro and approximately 20% in xenografted tumors in vivo. Most
recently, extracellular vehicles (EVs), which are lipid bound vesicles secreted by cells
into the extracellular space, have also been applied to package and deliver RNA-
based CRISPR/Cas9 systems due to their high biostability, high efficiency in uptake

by cells and low cytotoxicity [281].

The last non-viral vector for CRISPR/Cas9 delivery is the use of the Cas9 RNP
platform in which the expression of Cas9 protein and sgRNA could be skipped. In this
method, purified recombinant Cas9 protein is fused with a NLS peptide and combined
with chemically modified sgRNA to form Cas9 RNP complexes. These Cas9 RNP
sgRNA complexes are then delivered directly to cells for introducing DSBs within

desired sequences. By skipping the need for intracellular transcription and translation,
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Cas9 RNP delivery can minimize the risk of off-target effects and genome integration
[282]. Besides, Cas9 RNP complexes do not have long half-lives, estimated to be
~10.6 hours in HEK293T cells, so it is possible that this platform can avoid initiating
immune responses and is suitable for genome-editing within stem cell lines including
tissue stem cells, induced pluripotent cells, and embryonic cells [283]. However, the
disadvantage of using Cas9 RNP complexes are their large size, low efficiency of
endosomal escape and inherent instability, which requires optimal delivery methods

(Figure 1.14)
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Methods for RNP delivery into mammalian cells include microinjection, lipid
nanoparticles and electroporation. Microinjection is a physical method which directly
injects foreign materials into living cells using micropipettes. Microinjection of Cas9
RNP has been successfully implemented in various cell lines, especially pluripotent
stem cells like human embryos. For instance, in Ma’s study [284], a CRISPR-Cas9
system targeting MYBPC mutations, which cause hypertrophic cardiomyopathy
(HCM), were injected into human zygotes produced by fertilizing oocytes from a
healthy donor (MYBPC3WTWT) with sperm from a patient heterozygous for the
MYBPC3 mutation (MYBPC3WTAGAGT) = Sequencing of blastomeres collected from 54
CRISPR/Cas9-injected embryos revealed that only 9.3% were heterozygous
MYBPC3WT/AGAGT = while 66.7% were homozygous for the wild-type allele
MYBPC3WTWT and 33.3% were uniform or mosaic heterozygous. This result indicated
that injection of a CRISPR/Cas9 system was feasible for introducing gene modification

in human zygotes [287].

Cationic lipid nanoparticles are the most common method for transfecting exogenous
genetic material into cells [288]. Due to the negative charge of Cas9 nuclease and
SgRNA, these molecules can be taken up and delivered into mammalian cells by
commercial cationic lipid nanoparticles including Lipofectamine 2000 and
Lipofectamine 3000 (Thermo Fisher). The lipofection of Cas9 RNP has been used to
in vivo edit multiple pathogenesis-related genes for treating non-genetic degenerative
disease [289]. However, lipid particles are only able to infiltrate material through the
cell’'s plasma membrane, so they are not highly efficient in delivering DNA donor

templates into nuclei for DSB repair following HDR. Therefore, Cas9 RNP complexes
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must be engineered to bind with donor templates and then use the NLS to efficiently

target the whole complex into the nucleus [290].

Electroporation is a delivery method using high voltage pulses to disturb the
phospholipid bilayer of membranes where temporary nanopores are subsequently
introduced which allows exogenous materials to be taken up by the cell
Electroporation can deliver both Cas9 RNP and donor templates to the nucleus and
thus facilitating DSBs and HDR which are required for precise gene correction. The
major drawback of CRISPR/Cas9-delivery via electroporation is substantial cell death

caused by the high electrical pulse [291].

1.5.2.3 Donor template for gene correction

The most obvious difference of knock-in compared to knock-out is the requirement of
exogenous repair templates or donor templates. Beside the desired insertion
sequence, donor templates also contain the homologous arms which are
complimentary with the upstream and/or downstream regions of the DSB site.
Additionally, donor templates can be delivered into a cell, most often in one of three
forms including Adeno-associated virus (AAV), double stranded DNA (dsDNA) and
single stranded DNA (ssDNA). AAV-repair templates have been shown to provide
extremely high knock-in efficiencies due to natural viral capabilities such as protecting
DNA from degradation or stimulating homologous recombination [292]. However,
compared to dsDNA and ssDNA, the drawbacks for AAVs are that they are relatively
time consuming and expensive to produce and limited in the length of donor template
due to the small packaging capacity (<5kb) of the virus. In contract, dsDNA can be
produced in the form of plasmid, which is feasible to make in any biological lab and

can be much larger in size than AAVs. Nevertheless, plasmid DNA increases the off-
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target effects by accidently integrating into host genomes at CRISPR cut sites or even
at random regions. Additionally, dsDNA mediated CRISPR edits have relatively low

efficiency and higher toxicity compared to other types of repair template [293].

In mammalian cells, plasmid DNA or AAV donor template with at least 1-2 kb of total
homology is frequently used to introduce large nucleotide changes but ssDNA
sequences usually provide higher efficiency and cell viability for small changes [294].
These small changes include single nucleotide polymorphisms (SNPs), amino acid
substitutions or epitope tags. The most common type of ssDNA used for HDR
experiments is to use donor oligonucleotides (ssODN) which contains the desired
change (~50nt) and homology arms varying from 30-90 nucleotides in length. DNA
modifications such as Affinity Plus DNA Oligonucleotides (IDT) are usually applied
during synthesis to increase the stability and exonuclease resistance of ssODN.
Beside the desired changes, donor templates are recommended to include a
restriction enzyme site to facilitate detection of successful HDR by restriction fragment
length polymorphism (RFLP) analysis, which is a combination of PCR and restriction

enzyme digestion analysis.
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1.6 Application of Gene-editing Technology in Immunology

1.6.1 General application in immunology

The development of CRISPR/Cas9 has brought many useful applications in
immunological research and the treatment of diseases related to the immune system.
In the field of immunotherapy, the CRISPR/Cas9 system is not only considered as a
powerful gene-editing tool for identifying novel biomarkers, drug targets and drug
resistance genes but has also become a promising therapeutic approach in cancer

immunotherapy [295].

CRISPR/Cas9 screening is a high throughput genetic loss-of-function experimental
method for studying gene function or finding disease related genes. Scientists have
used CRISPR/Cas9 libraries containing more than 120,000 sgRNAs to generate tumor
cells with multiple genomic lesions followed by exposing to specific CTLs [296]. The
distribution of the sgRNA reads were analyzed by deep sequencing to identify the
SgRNA library representation in tumor cells before and after co-incubation with T cells.
Beside MHC-I related genes such as HLA, B2M, TAP1, TAP 2 and TAPBP, the results
demonstrated that previously undescribed genes, such as the cellular signaling-
related genes APLNR and BBS1, and microRNAs were contributing to promote T cell
damage to tumors. Via CRISPR screening, researchers have also studied more
deeply the mechanism of T cell activation and identified a novel candidate for tumor
immune drug intervention, known as CYRI-B or FAM49B [297]. Deficiency of either
the CYRI-B or FAM49B genes led to hyperactivation of Jurkat T cells, an immortalized
line of human T lymphocyte cells, following T cell receptor stimulation as demonstrated
by p21-activated kinase (PAK) phosphorylation, CD69 induction and actin assembly

which is crucial for cell-cell adhesion, cell motility and epithelial differentiation [298].

86



Dinh Dung Nguyen Northumbria University

CRISPR/Cas9 has also been applied in the development of therapies to overcome
immune tolerance to weaken cancer immune resistance via blocking immune
checkpoints including Programmed cell death protein 1 (PD-1), Programmed death-
ligand 1 (PD-L1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (Figure
1.15A) [299]. PD1/PD-L1 and CTL-4 expressed on the surface of some immune cells,
function to regulate T cell responses. When PD-1, an immune checkpoint found on the
surface of T and B cells, is bound to its ligands including PD-L1 and PD-L2, it prevents
T cells from killing other cells. Tumor cells can take advantage of these immune
checkpoint proteins to evade or inhibit CTLs. The blockage of PD-1/PD-L1 or CTLA-4
pathways could enhance the efficiency of T cell mediated immunotherapy targeting
cancers [300]. CRISPR/Cas9 technology has been used to knocked out PD-1 in CTLs,
with the aim of enhancing the cytotoxic effect of CD8* T cells against tumour targets
[301]. The results showed that PD-1-KO CTLs secreted higher levels of TNF-a and
IFN-y and enhanced tumor cell death by 40% compared to wild type cells. The
xenografted mice transfused with PD-1-KO CTLs also had longer survival compared
to the control group [301]. Similarly, CRISPR/Cas9-mediated CTLA-4 disruption led to
increased cytokine secretion and enhanced T cell responses against the CD80/CD86-
positive bladder cancer cells [302]. The study by Yahata and colleagues used
CRISPR/Cas9 to knock out PD-L1 in a murine ovarian cancer which were
subsequently inoculated into syngeneic mice for evaluating survival and tumor
dissemination [303]. The results demonstrated that CRISPR/Cas9-mediated PD-L1
disruption in ovarian cancer cells enhanced anti-tumor immunity by increasing tumor
infiltrating lymphocytes and regulating cytokine/chemokine profiles in the tumor

microenvironment.
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Figure 1.14. The application of CRISPR/Cas9 in immunotherapy.

(A) CRISPR/Cas9-mediated KO of PD-1/PD-L1 or CTLA-4 enhanced immune responses
against tumor cells. (B) The combination of CRISPR/Cas9 technology and chimeric
antigen receptor T cell (CAR-T) therapy. CRISPR/Cas9 has been exploited to disrupt the
TCR beta chains, B2M and PD-1 to generate universal CAR-T cells and enhance their
effect against tumor cells.

One of the most recent approaches of anti-tumor immunotherapy is the combination
of CRISPR/Cas9 technology and chimeric antigen receptor T cell (CAR-T) therapy
(Figure 1.15B). CAR is a protein construct consisting of an intracellular signaling
domain, a transmembrane domain, a spacer domain, and a single-chain variable

fragment (scFv) which is specific to tumor-associated antigens (TAA) on cancer cells

[304]. CAR-T cell therapy is a promising treatment for B-cell malignancies, especially
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in acute lymphoblastic leukemia (ALL) in which the complete remission rate of this
therapy is as high as 90% [305]. One of the limitations of CAR-T therapy is the lack of
gualified autologous T cells from cancer patients. To overcome this difficulty, scientists
have focused on generating off-the-shelf or universal CAR-T cells from healthy donors.
Therefore, CRISPR/Cas9 systems have been exploited to disrupt B2M and the TCR
beta chain on donor CAR-T cells [306]. While disruption of B2M can prevent the
expression of MHC-I on the surface of allogeneic T cells and limit the recognition by
host immune cells, disruption of the TCR beta chain can inhibit the expression of
endogenous TCR. Furthermore, CRISPR/Cas9-mediated disruption of PD-1 can block
T cell inhibitory receptors, as described previously, to improve function of CAR-T cells
against tumor cells. Application of triple-KO (TCR, B2M, and PD-1) allogenic CAR-T
cells via CRISPR/Cas9 has been reported to enhance anti-tumor in vivo activity
without significant graft rejection [306, 307]. Moreover, transforming growth factor beta
(TGF-B) receptor 1l (TGFBR2) is another candidate for CRISPR/Cas9-mediated
knock-down to increase efficacy of CAR-T therapy for the treatment of solid tumors
[308]. Thus, CRISPR/Cas9 gene editing technology has made a massive contribution
in optimizing CAR-T cell therapy to adapt to the complexity of cancer biology and

continues to establish new approaches for cancer treatment.
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1.6.2 Targeting the MHC-1 Complex by CRISPR/Cas9 technology

Playing a central role in the regulation of the immune system, MHC complexes have
become a preferred subject of interest for gene editing technology. Since the discovery
of CRISPR/Cas9, this technology has been applied to several studies disrupting MHC-
| expression (Table 1.5). CRISPR/Cas9-mediated disruption of the MHC-I complex
has been facilitated by knocking out B2M or HLA class | heavy chain genes. The main
purposes for MHC-I disruption were to generate cell models for studying mechanisms
of peptide antigen processing or produce universal or off-the-shelf healthy cells for

transplantation.

Table 1.5. Summary of studies using CRISPR/Cas9 technology to disrupt the

expression of MHC-I molecules.

Target Purpose Type of change | Year | Reference

B2M Effect of Antigen processing and presentation machinery | Knock-out 2017 [309]
on immune checkpoint inhibitors in lung cancer

HLA-A, HLA- | Cellular therapies and transplantation Knock-out 2017 [310]

B, HLA-C

B2M Generate a line of "universal donor" iPSCs Knock-out 2018 | [311]

B2M Generate universal corneal epithelial cells (CEC) from Knock-out 2018 [312]
human embryonic stem cells (hESC)

ERAP2 Study HLA-B*40:02 peptidome Knock-out 2019 [313]

B2M Identify (HLA) antibody cross-species reactivity with Knock-out 2019 [314]
swine leukocyte antigen (SLA)

B2M Generates iPSCs with Enhanced Immune Compatibility Knock-out 2019 [315]

HLA-A

HLA-B

B2M Induce K562 to become artificial antigen-presenting cells | Knock-out 2019 [316]
for ex vivo expansion of T lymphocytes

B2M Converts NK cells into Effectors for “Off-the-Shelf” Knock-out 2020 | [317]
Immunotherapy

B2M Modification of allegeneic T cells for adoptive T-cell Knock-out 2020 [318]

CIITA therapy

TRA

HLA-A, HLA- | Generate universal Mesenchymal stem cells (MSCs) Knock-out 2020 [319]

B, HLA-C derived from iPSCs

B2M Generate Retinal Pigment Epithelial Cells Derived Knock-out 2020 [320]

CITA lacking HLA class | and Il

B2M Generate Allogeneic human umbilical MSC source for Knock-out 2020 [321]
stem-cell therapy

B2M Generate Mesenchymal Stromal Cells with Low Knock-out 2020 [322]
Immunogenicity from Human PBMC

B2M Generate HLA-KO Glomerular Endothelial Cells for Knock-out 2021 [323]
prediction of pathogenic Non-HLA Antibodies in Kidney
Transplant Recipients
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B2M Generate B2M-KO somatic cell nuclear transfer-derived | Knock-out 2021 [324]
embryonic stem cell line
B2M Generate HLA-I depleted iPSC to overcoming the Knock-out 2021 | [325]
immunogenicity of allograft transplantation.
TAP1 Investigated the ability of human colorectal cancer Knock-out 2022 [326]
(CRC) to cross-present neoantigen-derived synthetic
long peptides

Most research related to CRISPR/Cas9-mediated disruption of MHC-I generally aimed
to determine the role of the antigen processing pathway or peptide spectrum in
particular disease states. A study by Gettingger and colleagues (2017) employed
CRISPR/Cas9 to investigate the connection between HLA class | antigen processing
and immune checkpoint inhibitors (ICIs) [309]. The PX459 containing Cas9 and B2M
specific sSgRNA were transfected into a murine lung cancer cell line (UNSCCG680AJ)
which was later used to generate a tumor model. While the intact tumor model
responded to anti-PD-1, that of the B2M disrupted cells proceeded through PD-1
blockage which suggest its role in resistance to ICIs. The result of this study showed
that disruption of HLA class | antigen processing could lead to lung cancer cells
escaping ICl treatment. In Lorente’s study [313], the CRISPR/Cas9 system was used
to study the effect of the endoplasmic reticulum aminopeptidase 2 (ERAP2) on
peptidomes of HLA-B*40:02, an ankylosing spondylitis (AS) weakly associated MHC-
| molecule. ERAP2 is an enzyme that processes MHC-I peptides and favorably trims
N-terminal basic residues. CRISPR/Cas9-mediated disruption of ERAP2 was
performed in a human lymphoid cell line expressing HLA-B*40:02 followed by the
investigation of the peptidomes, which are the complete set of peptides encoded by a
particular genome, between wild-type and ERAP2-KO cells. The results showed that

by disrupting ERAP2, there was a 5% qualitative change of the peptidome and
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increased the proportion of N-terminal basic residues which were frequently found as

ligands for HLA-B27.

Recently, induced pluripotent stem cells (iPSC) have been considered as a potential
approach in the field of regenerative medicine [327]. However, allogenic
transplantation of iPSC-derived differentiated cells can cause immune rejection due to
HLA mismatches. HLA-I mismatches would stimulate CD8* cytotoxic cells, whist HLA-
Il mismatches can activate CD4+ helper T cells which can produce cytokines and
stimulate other immune cells. On the other hand, cells whereby B2M had been
knocked out to disrupt expression of HLA | molecules, could activate NK cells.
Genome editing was employed by Xu and colleagues to generate different HLA-knock
out iPSCs (or pseudo-homozygous iPSCs) to evaluate their ability to activate T and
NK cells (Figure 1.16) [315]. Results showed that wide-type (WT) MHC mismatched
iPSC-derived from CD43+ blood cells stimulated CD8+ T cells, whereas HLA-A-, B-,
C+ cells and B2M-KO cells did not. On the other hand, a subset of NK cells only
reacted to B2M-KO cells, but not to WT cells or HLA-A-, B-, C+ cells as determined by
both in vitro T cell cytotoxicity by >!Cr release assay and in vivo graft survival assays
on NRG mice (lacking endogenous T, B, and NK cells). Hence, the lack of HLA-A and
—B was effective for evading T cell immunity and the retention of HLA-C (and intact
HLA-E, -F, and —G) was sufficient for suppressing NK cell activity. However, the
immune system could still be activated by CD4+ helper T cells after recognizing HLA
class Il mismatches. CIITA deficient, HLA-C+ cells, which exhibited disruption of HLA
class Il expression, did not stimulate the proliferation of CD4+ helper T cells. In Xu’s
study, iPSC cells with disrupted HLA-A/B, CIITA and intact HLA-C evaded both CD8+

and CD4+ T responses as well as NK cell activities. 12 common HLA-C-retained iPSC
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lines were generated which were proposed to be sufficient to cover >90% of most

popular ethnic groups.
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Figure 1.15. Strategies of CRISPR/Cas9-mediated disruption of HLA genes for

generation of universal iPSC with enhanced immune compatibility.

Two genome-editing strategies were developed to generate immune-compatible donor
iPSCs. First,
knock-out of non-specific HLA alleles. Second, HLA-C-retained iPSCs were generated
by disruption of HLA-A and HLA-B alleles. Both HLA pseudo-homozygous and HLA-C-
retained iPSCs were proposed to evade T cells and NK cells. Diagram was obtained from

Xu et al [315].

HLA pseudo-homozygous iPSCs were made using CRISPR-mediated
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1.7 Thesis rationale and objectives

Although CRISPR/Cas9-mediated disruption of MHC-I has received much attention
with respect to applied research and clinical application, there are few if any studies
reporting to use CRISPR/Cas9 to modify or introduce changes of interest in either HLA
class | or B2M molecules. Compared to CRISPR/Cas9-mediated knock-out, knock-in
procedures require more starting material and are only suitable to apply to limited cell
lines. To facilitate DSB repair via the HDR pathway, the donor template must be
precisely designed to contain desired nucleotide changes as well as appropriate
homology arms. On the other hand, most cell lines used show preference for using the
NHEJ pathway rather than HDR to correct DSBs. However, the HDR-mediated knock-
in can bring greater benefits in lowering the off-target effects and introducing targeted
modification. While DSB repair via NHEJ generally leads to multiple indel mutations,
DSB repair via HDR pathways can introduce either in-frame or out-frame modifications
depending on the design of the donor template. In the case of MHC-I, CRISPR/Cas9-
mediated precise modification not only can potentially manipulate presented peptides
but can also be useful to switching HLA subtypes related to diseases or causing graft
rejection. In this study, we will focus on developing protocols using CRISPR/Cas9 to
introduce desired modifications to both B2M and HLA class | in order to change the
properties of MHC-I molecules. In addition, the off-targets caused by CRISPR/Cas9

gene-editing were also evaluated to determine the safety of this method.
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To achieve this aim, the following objectives were established, including:

1. Using the CRIPSR/Cas9 system to introduce peptide and linker sequences into
the B2M gene to create and characterize the novel antigen-presenting
molecules.

2. Using CRISPR/Cas9 to switch a disease-associated HLA to a non-disease
associated HLA subtype.

3. Using next generation sequencing to evaluate the off-target effects on MHC-I

modified cell models.
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CHAPTER 2

MATERIALS AND METHODS

96



Dinh Dung Nguyen Northumbria University

Chapter 2 Materials and Methods

2.1 Cell culture

2.1.1 Culture Cell

Cell lines used in this thesis are listed in table 2.1. All cell culture was performed in
class Il safety cabinets. Dulbecco's Modified Eagle Medium (DMEM) and Roswell Park
Memorial Institute (RPMI) medium was supplemented with FBS (10%-Gibco), L-

glutamine (2mM) and Penicillin/Streptomycin (100 U/mL).

Newly purchased cells or frozen cells were defrosted in a 37°C water bath,
resuspended in 5mls of pre-warmed growth medium, centrifuged at 300g for 3 minutes
followed by resuspension in 1 ml growth medium or Phosphate-buffered saline (PBS).
Cell numbers were determined following staining with the live-dead cell by trypan blue

dye.

Adherent cells were seeded at a density of 5x10* cells/lcm? and 10° cells/ml for
suspension cells, followed by incubation at 37°C, in a 5% CO2 humidified incubator.
Cells were passaged once they reached 70-80% confluency. Adherent cells were
washed briefly in 1xPBS, treated with 0.05% trypsin-ethylenediaminetetraacetic acid
(EDTA) 40 pl/lcm? and incubated for 3 minutes at 37°C. Following cells detachment,
pre-warmed medium was added at 5x volume of 0.05% trypsin-EDTA to inactivate
enzyme activity. Suspension and detached adherent cells were centrifuged at 300g

for 3 minutes and seeded as described.

For freezing, cells were made to 10° cells/ml in Fetal Bovine Serum (FBS) (90%) and
dimethyl sulfoxide (DMSO) (10%) freezing mix and 1 ml of aliquots were stored at -

80°C, hollowed by storage at -152°C.
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Table 2.1. Information of cell lines and growth medium

Northumbria University

Fpll Type Growth Cell Type Reference
name medium
HelLa Cervical carcinomas cells DMEM Adherent [328]
K562 Human immortalised | RPMI Suspension [329]
myelogenous leukemia cell
HEK 293 | Human embryonic kidney DMEM Adherent [330]
T2 Lymphoma-derived cell line RPMI Suspension [331]

2.1.2 Mammalian cell transfection

DNA Transfection

JetPRIME lipofection reagent was used to transfect all plasmids into mammalian cells.

Amounts of lipofection reagent and plasmids were listed in table 2.2. Once cells

reached optimal confluence (60-80%), plasmid DNA was diluted in jetPRIME buffer,

followed by the appropriate volume of JetPRIME reagent. The DNA-JetPrime reagent

mix was incubated 10 mins at RT, then added dropwise onto the cells and incubated

at 37 °C. Media was replaced at 4 hours post-transfection and analyzed after 24 hours

post-transfection.
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Table 2.2. Amount of jetPRIME reagents and DNA according to the cell culture vessel

Northumbria University

per well
Culture Vessel jetPRIME® DNA jetPRIME® Growth
Buffer (ng) reagent medium
(1) (n) (ml)
24-well 50 0.5 1 0.5
12-well 75 0.8 1.6 1
6-well 200 2 4 2

CRISPR/DNA Template Transfection

CRISPRMAX Reagent Cas9 nuclease transfection protocol provided by ThermoFisher
was used to deliver Cas9 RNP into mammalian cells. The amount of transfection
reagent and Cas9 RNP to be used were listed in table 2.3. Cas9 RNP (Cas9 nuclease
+ gRNA) solution, Cas9 Plus Reagent and Opt-MEM™ medium were added and
mixed (Tube 1). CRISPRMAX Reagent and Opti-MEM™ medium were mixed
separately (Tube 2). Tube 1 contents were transferred to tube 2 and incubated 10
minutes at room temperature, followed by adding the transfection mix dropwise onto
cells. After incubating at 37 °C for at least 1-day, transfected cells were ready for

analysis.
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Table 2.3. Amount of CRISPRMAX reagents, Cas9 nuclease and sgRNA according to

the cell culture vessel per well

Cultur | Growt | Tubel Tube 2 Cas9
e h Opti- Cas9 gRN | Cas9 Opti- CRISPRMA | RNP/transfecti
Vesse | mediu | MEM nucleas | A Plus MEM X Reagent | on reagent
I m (mL) | ™ e (ug) (Mg) Reage | ™ (uh complex
mediu nt (pl) mediu (1)
m (ul) m ()
24- 0.5 25 0.625 | 0.12 1.3 25 15 50
well 5
12- 1 50 1.25 | 0.25 2.5 50 3 100
well
6-well 2 125 3.15 | 0.63 6.3 125 7.5 200

Nucleofector of Cas9 RNP and dsODN/Megamer.

For HDR, Cas9 RNP and donor templates were delivered into mammalian cells by

electroporation using Amaxa Nucleofector and Cell line Nucleofector Kits (Lonza).

Nucleofection conditions of different cell lines were listed in table 2.4. Cell culture
media with and without HDR enhancer were prewarmed to 37°C before transfection.
Once cells reached optimal confluence they were carefully harvested (by trypsinization
for adherent cell lines), spun down and counted. 1x10° cells were aliquoted into
microcentrifuge (1.5 mL) tubes for each transfection, centrifuged 200xg for 10 minutes
at room temperature and supernatants removed completely. The transfection mixture
was prepared according to table 2.4. Each cell pellet was then resuspended in the

transfection mixture, transferred to a transfection cuvette and electroporated according
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to the transfection program suggested by the manufacturer. Transfected cells were
carefully resuspended in 500 pl of culture medium and transferred to 1.5 ml culture
media containing Alt-R HDR enhancer. Cells were incubated at 37°C, 5% CO:2 in a

humidified incubator for at least 24 hours prior to analysis.

Table 2.4. Nucleofection conditions and amounts of HDR enhancers, Cas9 nuclease,

sgRNA and ssODN according to cell lines employed.

Cell Kit/Program Transfection mixture Alt-R HDR
line Cas9 nuclease | gRNA 10 | PBS sSODN/ Alt-R Cas9 Enhancer
62 uM (ul) UM (ul) (u) Megamer Electroporation (W)
(ug) Enhancer (pl)

HelLa R/ A-28

K562 V/T-16

HEK V/ Q-01 0.5 3.1 14 1.2/2 1.2 10

EBV C/X-01

2.1.3 Flow cytometry analysis

MHC-I cell surface expression was detected using different antibodies (Table 2.5).
K562 and HEK cells, which express low levels of MHC-I, were treated with Interferon
gamma (IFN-y) at 1000 IU/ml and 400 IU/ml, respectively, for 3 days prior to flow
cytometry analysis. Briefly, cells were harvested and centrifuged at 400xg for 3
minutes followed by resuspension in ice cold PBS/1%FBS. Approximately 2x10° cells
were aligouted into a 96 well (U-bottom) per antibody staining. Cells were incubated
with appropriate antibody for 30 minutes at 4°C, followed by 3x washes with

PBS/1%FBS, followed by incubation with secondary antibody for 30 minutes at 4°C.
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After washing with PBS/1%FBS, samples were acquired on a BD FACSCanto™ 1l
Clinical Flow Cytometry System. Fluorescence-activated cell sorting (FACS) data was
then analyzed using Flowjo software (FlowJo v10) and GraphPad Prism (version

Prism 9.0.0).

Table 2.5. List of antibodies used for flow-cytometry

Name Epitope Concentration/ Antigen species Supplier Catalogue
Volume No./Ref
BB7.1 HLA-B*07 20ul/ml Mouse Abcam [332]
BB7.2 HLA-A*02 20ul/ml Mouse Biolegend 343302
HLA-A,-B,-C,-
W6/32 G,-E,-F + 20pl/ml Mouse N/A [333]
B2M

ME1

HLA-B27 50 ul/sample Mouse Dr. Simon [334]
(mAD)

2.1.4 Single cell cloning

For single cell cloning, initially polyclonal cells were harvested at 60-70% confluency
and counted. Cells were then serially diluted to 102 cells/mL in complete medium. 100
ul and 30 i of 102 cells/mL were transferred to 10 mL complete medium to achieve 1
and 0.3 cells/well, respectively, and plated at 100 pl/well of a 96-well flat-bottomed
plate. Plates were incubated at 37°C for 14 days and single clones were transferred

to a 48-well plate for expansion. After sufficient expansion, lines were screened by
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molecular techniques/flow-cytometry analysis and then further expanded for later

experimentation or storage.
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2.2 Molecular biology

2.2.1 Bacterial Strains

Escherichia coli (E.coli) bacterial strains used in this study included DH5a, Stella and
TOP10. A loop of E. Coli stock or 20 ul of E. coli was spread on Luria Broth (LB) agar
plates (no selection antibiotics) and incubated overnight at 37°C. Colonies were picked
and sub-cultured in LB medium overnight at 37°C for expansion, plasmid extraction

and storage.

2.2.2 Bacterial transformations

Competent cells were thawed on ice for 20-30 minutes and incubated with
approximately 50ng of plasmid DNA for 30 minutes on ice. Cells were heat shocked
at 42°C for 30 seconds, incubated on ice for 2 minutes followed by the addition of
100pl of SOC medium (ThermoFisher), and incubated at 37°C for 60 minutes.
Transformed bacteria were spread onto LB agar/ampicillin (100ug/ml) plates and

incubated overnight at 37°C.

2.2.3 Extraction of genomic DNA, RNA and plasmid extraction

Genomic DNA extraction by column. PureLink™ Genomic DNA Mini Kit was used for
extracting genomic DNA. Cells (up to 5x10° cells) were collected into a 15 ml conical
tube and centrifuged at 300g for 3 minutes. After removing supernatant, cell pellets
were resuspended in 200 ul PBS and transferred to centrifuge tubes. Cell suspensions
were mixed with 20 ul Proteinase K and 20 ul RNase A, and then incubated at room

temperature for 2 minutes. 200 pl PureLink® Genomic Lysis/Binding Buffer was then
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added, vortexed vigorously to form a homogenous solution followed by incubation at
55°C for 10 minutes. 200 pl 100% ethanol was added to each cell lysate and mixed
well by vortexing. Mixtures (~640 pl) were transferred into PureLink® Spin Columns
with collection tubes, then centrifuged at 10,000g for 1 minute at room temperature.
The columns were washed with 500 yl wash buffer 1 and 2, by centrifugation at
10,000g for 1 minute and centrifuged at 13,0009 for 3 minutes, respectively. DNA was
eluted in 50-100 pl elution buffer following incubation at room temperature for 1 minute
and centrifugation at 13,0009 for 1 minute. Quality and quantity of DNA samples were
determined using NanoDrop One (Thermo Fisher Scientific). DNA with OD 260nm :
280nm between 1.80 and 2.00 were used for further experimentation or stored at -

20°C.

Genomic DNA extraction by QuickExtract solution. QuickExtract™ DNA Extraction
Solution (Lucigen) was used for extracting genomic DNA. Cells (up-to 10* cells) were
collected into 1.5ml centrifuge tubes and centrifuged at 300g for 3 minutes. After
removing the supernatant, cell pellets were resuspended in 0.5 mL of QuickExtract
Solution following by vortexing for 15 seconds. Tubes were transferred to a heat block
at 65°C and incubated for 6 minutes followed by vortexing for 15 seconds. Tubes were
transferred to a heat block at 98°C and incubated for 2 minutes. Extracted DNA
samples were used for PCR amplification using a volume ratio 1:10 (DNA/PCR
mixture). Quick-extracted DNA was stored at -20°C for up to 1 week, or at -70°C for

longer periods.

RNA extraction by RNeasy Mini kit. The RNeasy extraction procedure was used to
extract and purify RNA from cultured cells. Cells were grown to 70%-80% confluency

in a 6-well plate and trypsinized for collection. Total RNA was extracted by following
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the manufacturer’s conditions. Briefly, cells (up-to 107 cells) were collected into 1.5 ml
centrifuge tubes and centrifuged at 300g for 5 mins. After removing supernatant, cell
pellets were disrupted by adding Buffer RLT (350 ul for < 5x10°© cells and 500 pl for
5x108 — 107 cells). The lysates were pipetted directly into a QlAshredder spin column
followed by centrifugation at 100009 for 2 minutes and adding volume of 70% ethanol
to the homogenized lysate. Samples were transferred to RNeasy spin columns
following centrifugation at 8000g for 15s. After discarding the flow-through, columns
were washed by respectively adding 700 ul Buffer RW1 and 500 ul Buffer RPE x 2 to
the columns followed by centrifugation at 8000g for 15s. RNA samples were eluted in
50 yl RNase-free water and checked for quality and concentration using a Nanodrop

One. RNA samples were used directly for cDNA synthesis or stored at -20°C.

Plasmid extraction by NZY Speedy Miniprep. Single colonies were picked from
selective plates, inoculated into 2-5 ml LB medium containing the appropriate antibiotic
followed by incubation at 37°C for approximately 16 hours. Cells were centrifuged at
12,000g for 3 minutes and supernatants discarded. Cell pellets were resuspended by
respectively adding 250 ul of Buffer A1, 250 ul of Buffer A2 and 300 pl of Buffer A3
followed by centrifugation at 12,0009 for 3 minutes. Supernatants were transferred to
NZYTech spin columns followed by centrifugation at 12,000g for 30 seconds. 600 ul
of Buffer AS was added into each column following centrifugation at 12,000g for 1
minute. DNA plasmids were eluted by adding 50 ul of Buffer AE following incubation
for 1 minute before centrifugation at 12,0009 for 1 minute. Plasmid DNA samples were

used directly for further experiments or stored at -20°C

Plasmid extraction by QIAGEN Midi kit. Single colonies were collected from selective

plates and inoculated in 2 ml LB medium containing the appropriate antibiotic followed
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by incubation at 37°C for approximately 8 hours. All bacterial cells were transferred
into 50ml LB medium containing the appropriate antibiotic following incubation at 37°C
overnight. Cells were transferred to 50 ml tubes and centrifuged at 6000 x g for 15 min
at 4°C. Cell pellets were resuspended by respectively adding 0.3 ml of Buffer P1, 0.3
ml of Buffer P2 and 0.3 ml of chilled Buffer P3 followed by centrifugation at 13 000 rpm
for 10 min. Supernatants were transferred to equilibrated QIAGEN-tip 20 and allowed
to enter the resin by gravity. QIAGEN-tip 20 were washed twice with 2 ml Buffer QC.
After eluting with 0.8 ml Buffer QF, plasmid DNA was precipitated by 0.7 volumes of
isopropanol following centrifugation at 15,000 x g for 30 minutes. DNA pellets were
washed with 1 ml of 70% ethanol followed by centrifugation at 15,000 x g for 10
minutes. After air-drying the pellets for 10 minutes, plasmid DNA was redissolved in

500 mL of TE buffer (pH 8.0).

2.2.4 cDNA synthesis

CDNA synthesis was performed using ThermoScript cDNA synthesis kit. Briefly, 50ng
total RNA was added into PCR tubes containing 500ng oligo dT (50 uM), 200ng dNTP
(20 mM) Mix and dH20 (up-to-12 pl). The mixture was incubated at 65 °C for 5 minutes
and placed on ice before adding 1x cDNA synthesis buffer, 0.1uM DTT (1 pl),
RNaseOUT, dH20 and 15U ThermoScript™ RT. The mixture was incubated at 25°C
for 10 min, 50°C for 60 min and 85°C for 5 min, respectively, to generate the final

cDNA product. Synthesized cDNA was directly used for PCR or stored at -20°C.
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2.2.5 Polymerase Chain Reaction (PCR)

The polymerase chain reaction (PCR) is the molecular method for amplifying a desired
DNA sequence to extremely high copy numbers. Sources of DNA were genomic DNA
extracted by PureLink™ Genomic DNA Mini Kit or QuickExtract™ DNA Extraction
Solution, purified plasmid, and purified PCR amplicons. PCR primers were designed
using the primer designing tool of NCBI (https://www.ncbi.nim.nih.gov). Site direct
mutagenesis primers were designed by using the QuikChange Primer Design Program
(Agilent). Primers used for Next Generation sequencing (NGS) were designed using
COSMID (https://crispr.ome.gatech.edu/). Sequences of all primers were listed in

Appendix 5. PCR components used for master mixes are listed in table 2.6.

Table 2.6. Components of PCR

Components Volume (pl)
PCR (Taq Forward Primer (10 pM) 0.5
Polymerase) Reverse Primer (10 uM)
dNTP (10uM) 0.5
10x Tag Buffer 2.5
Taq Polymerase 0.125
DNA (50ng/ pl) variable
Quick Extract solution variable
Nuclease-Free Water Up to 25 pl
Mutant Strand SDM forward primer (100ng/pl) 1.25
Synthesis SDM reverse primer (100ng/ul) 1.25
Reaction 10x reaction buffer 25
dNTP (10uM) 1
DNA (50ng/ pl) variable
Pfu DNA polymerase (2.5 U/pl) 1
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Nuclease-Free Water Up to 50 pl
Q5 High- Q5 High-Fidelity 2X Master Mix 1.25
Fidelity 2X Forward Primer (10 pM) 1.25
Master Mix Reverse Primer (10 uM) 1.25

DNA (50ng/ pl) variable

Nuclease-Free Water Up to 25 pl

2.2.6 Agarose gel electrophoresis

Agarose gel electrophoresis was used to visualize DNA fragments or PCR products.
Agarose powder was dissolved in 1X TAE buffer (40 mM Tris-base, 20mM acetic acid,
1 mM EDTA, pH 7.5-8.0) by heating in the microwave and allowed to cool to room
temperature prior to gel casting. SYBR™ Safe gel stain was used at 1 in 10000
dilution. Ethidium Bromide or SYBR™ Gold Nucleic Acid Gel Stain were diluted
10,000X in 1X TAE buffer and used for post-staining agarose gels for 15 - 30 minutes.
DNA was resolved in 1X TAE buffer and run at 100V for 60 minutes. Gel images were
captured using a G-BOX F3 gel doc system (Syngene) or Molecular Imager

PharosFX™ Plus System (Bio-Rad).

2.2.7 PCR purification

AMPure XP Bead Purification was used to purify PCR products for in vitro cleavage,
in vivo cleavage, and Restriction Fragment Length Polymorphism (RFLP) assays.
AMPure XP Bead and DNA samples were mixed at a ratio of 1.8:1 and incubated for
5 minutes at room temperature. Reaction tubes/plates were placed onto a magnetic
plate for 2 minutes to separate beads from the solution. Each reaction was washed
twice with 200 ul of 70% ethanol for 30 seconds at room temperature on the magnetic

plate. After removing the tube/plate from the magnetic plate, DNA fragments were
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resuspended in 30-40 ul of elution buffer and incubated for 2 minutes at room
temperature. The reaction tube/plates were placed onto a magnetic plate for 1 minute
to separate beads from the DNA fragments. Finally, the purified PCR amplicon solution

was transferred to a fresh tube/plate (Figure 2.1).

|, Agencourt
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Figure 2.1. Workflow of AMPure XP Bead Purification

QIAquick Gel Extraction Kit was used to extract and purify DNA fragments (70bp to
10kb) from agarose gels and enzymatic reactions. DNA products were resolved by 1-
1.5% agarose gel electrophoresis and desired DNA fragments were excised using
asharp scalpel. For each 1 volume of gel (100 mg ~ 100 pl), 3 volumes of Buffer QG
were added. Gel-buffer mixes were incubated at 50°C for 10 minutes to dissolve the
gel, followed by the addition of 1 volume of isopropanol and then transferred to a
QIAquick spin column. The QIAquick column was centrifuged at 12000g for 1 minute
and flow-through discarded. 0.75 ml Buffer PE was then added, centrifuged for 1
minute and flow-through discarded. QIAquick columns were centrifuged for an
additional 1 minute to completely remove any residual buffer. Finally, DNA fragments
were eluted in a fresh tube by adding 50 ul of Buffer EB and centrifuged for 1 minutes

at 15000g.
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2.2.8 Cell lysis

1% Nonyl phenyl-polyethylene glycol (NP-40) (US Biological) lysis buffer was made
up of 150mM NaCl, 10mM Tris, pH7.5, supplemented with 10mM N-methylmaleimide
(NEM) (Sigma), 1mM phenylmethylsulphonyl fluoride (PMSF) (Sigma) and 1x
complete protease inhibitors (CPI) (Roche Applied Science). Cells were harvested and
incubated in pre-cooled 20mM NEM (pH 7.4) for 15 minutes on ice. 100 pl of 20mM
NEM was used for every 108 cells. Cells were pelleted and supernatant was discarded,
followed by lysis in pre-cooled lysis buffer, which was used at 100 pl per 108 cells, for
at least 30 minutes on ice followed by centrifugation at 13,000 g for 30 minutes. Cell
lysates were transferred into pre-cooled 1.5 mL tubes. 10 pl of cell lysates were
aliquoted to determine protein concentration using the Pierce™ BCA Protein Assay
Kit (Thermo Scientific™). The remainder of the cell lysates were mixed with 1 volume
of 2x loading buffer containing 4% sodium dodecyl sulfate (SDS), 20% glycerol, 0.1%
bromophenol blue and 0.125M Tris, pH6.8 before resolving on SDS-PAGE gel or
storage at -20°C. To reduce samples, lysates were incubated with 100mM

dithiothreitol (DDT) followed by heating at 95°C for 5 minutes.

2.2.9 Immunoblotting

To detect high molecular weight proteins (>20 kDA), samples were resolved by 10%
Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
containing 10% resolving gel (10% Acrylamide (Severn Biotech), 0.1% SDS, 0.375M
Tris pH 8.8, 0.1% ammonium persulfate (APS) and 0.04% N,N,N',N'-Tetramethyl
ethylenediamine (TEMED)) and a stacking gel (5% Acrylamide, 0.1% SDS 0.125M
Tris pH 6.8, 0.075% APS and 0.075% TEMED). To detect low molecular weight

proteins (<20 kDa), samples were resolved by 17% SDS-PAGE containing 17%
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resolving gel (17% Acrylamide, 0.1% SDS 0.375M Tris pH 8.8, 0.1% APS and 0.04%
TEMED) and stacking gel (as above). The PageRuler™ Prestained Protein Ladder
(Thermo Scientific™) was used as the molecular weight marker to determine the size
of protein bands. Equal amounts of protein (5-20 ug) were resolved by SDS-PAGE

and run at 100V.

Gels were placed into a sandwich cassette and transferred onto nitrocellulose
membrane (BA85, Whatmann) in 1x transfer buffer (25 mM Tris, 192 mM glycine) at
100V for 1 hour at 4°C. Following transfer, membranes were rinsed briefly in water
followed by staining with Ponceau S to visualize proteins. Ponceau S stain was
removed by rinsing in TBST (0.1% Tween (Sigma-Aldrich), 150 mM NaCl, 20mM Tris,
pH 7.5) 3 times for 10 minutes. Membranes were blocked in 5% (w/v) skimmed milk
powder in TBST (blocking buffer) at room temperature for 1 hour following incubation
with appropriate primary antibody (Table 2.8), diluted in blocking buffer, overnight at
4°C. Blots were rinsed 3 times for 5 minutes with TBST following incubation with
appropriate HRP conjugated secondary antibody diluted in blocking buffer for 1 hour
at room temperature. Blots were rinsed 3 times for 5 minutes followed by developing
using SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo
Scientific™). Chemiluminescent signals were captured using G: Box F3 (Syngene)
and analyzed using GeneTools (version 4.3.8) to determine the band intensity of the

target proteins.
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Table 2.7. The list of antibodies used for immunoblotting.
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Name Epitope Concentration Antigen Supplier Catalogue
species No/Ref
Unfolded HLA- Prof. T. Elliott
HC10 (mAb) B,-C 1:5000 Mouse (Oxford [335]
University, U.K.)
V5 Tag
pK (mAD) 1:5000 Rabbit Serotec N/A
Anti-GAPDH GAPDH
1:5000 Rabbit Abcam ab9485
(PAb)
Anti-PDI PDI 1:5000 Mouse Abcam ab52587
Anti-B2M B2M
1:5000 Mouse Abcam ab759

(mAB)

2.2.10 Restriction enzyme digestion and ligase

All restriction enzyme reactions were performed following the manufacturer’s

conditions. The digests were prepared as shown in table 2.8. The input DNA included

plasmids or purified PCR amplicons. Incubation time was typically 1 hour at 37°C, with

an extension to 3 hours if required. All experiments included a negative control

comprising all reagents except the enzyme. The digested products were analyzed by

using agarose gel electrophoresis and purified using QIAquick gel extraction kit if

necessary.
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Table 2.8. Components of restriction digest

Component Amount
10X Restriction Enzyme 2.5

DNA 100 - 500 ng
Enzymes 0.5 pl
Nuclease-free water Up-to-25 pl

2.2.11 Plasmid transformation

All constructed plasmids were selected and expanded by transforming into competent
bacterial cells. Before starting the transformation process, the LB agar plates were
prepared by dissolving LB agar tablets (1 tablet per 50 mL water), followed by
autoclaving and cooling to 50°C prior to adding ampicillin (100 mg/ml). Approximately
12 ml of LB agar was poured into each 90 mm Petri-dish and left to solidify for 20

minutes at room temperature under aseptic conditions.

All transformations were performed by following a heat shock protocol. Competent
cells were taken from -80°C and placed on ice. 100-500ng DNA was incubated with
20-50 ul competent cells on ice for 30 minutes, followed by heat shock at 42°C for 45
seconds and incubated on ice for 2 minutes. Transformed cells were recovered by
adding 500 pl of SOC medium and incubated at 37°C for 60 minutes. All cells were

spread onto LB agar plates and incubated overnight at 37°C.

2.2.10 Site-directed mutagenesis
Nucleotide changes were introduced using the QuikChange site-directed mutation

(SDM) protocol. Mutagenic primers were designed using the web-based QuickChange
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Primer Design Program (www.agilent.com/genomics/qcpd). The SDM PCR reaction
mix included: 1x reaction buffer, 25 ng plasmid, 125 ng of each forward and reverse
mutagenic primer, dNTP (10 mM) and made up to a final volume of 50 pl with double-
distilled water (ddH20). Pfu DNA polymerase (2.5 U) was added to the mixture. The
following thermal cycle programme was used: 95°C for 30 seconds and 16 cycles of
95°C for 30 seconds, 55°C for 1 minute and 68°C for 1 minute per Kb of plasmid
length. Following amplification, each reaction was incubated with Dpn | restriction
enzyme (10 U) for 1 hour at 37°C. 1 pl of the Dpn I-treated DNA was then transformed

into TOP10 competent cells.

2.2.11 Generating stable mammalian expression cell lines using the Flp-in
system

The pcDNA™5/FRT/V5 expression vectors containing the gene of interest (GOI) were
integrated into the Flip-in host cell line HeLa-H2Z cells, (which was a kind gift provided
by Dr. Keith Gould (Imperial College London) and Dr Darren Nesbeth (UCL)),
containing two flippase recognition target (FRT) sites via Flp recombinase-mediated
integration [336]. HeLa-H2Z cells were seeded at a density of 2x10* cells/cm? in 24-
well plates for 24 hours prior to transfection. HeLa.H2Z cells were co-transfected with
a 9:1 ratio of pOG44: pcDNA™5/GOI/FRT/V5 by JetPrime lipofection reagent
following incubation at 37°C. Cells were washed and replace with warm fresh cDMEM
4 hours after transfection. 48 hours after transfection, cells were split and grown in
cDMEM selection medium containing Hygromycin B (150 pug/ml) and/or Zeocin (150
pg/ml). Selection medium was replaced every 3-4 days until foci of cells could be
identified. Selected cells were expanded and integration of pcDNA™5/Gol/FRT/V5

verified by immunoblotting with anti-V5 pK antibody.
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2.2.12 In vitro cleavage assay

To validate the activity of Cas9 ribonucleoprotein (RNP) complexes, in vitro cleavage
analysis of targeted dsDNA was performed. Firstly, PCR amplicons were generated
by using Taqg polymerase master mix and appropriate primer pairs. PCR amplicons
were then purified by AMPure XP Bead Purification and checked for quality and
guantity by Nanodrop. Alt-R CRISPR-Cas9 crRNA, tracrRNA (IDT) were resuspended
in IDTE buffer to achieve a stock concentration of 100 uM. Working solutions were
diluted in Nuclease-Free Duplex Buffer to 20 uM. Finally, sgRNA duplexes were
prepared by mixing 20 uM crRNA and 20 pM tracrRNA solutions to a molar ratio of
1:1. The mixture were heated at 95°C for 5 min and then allowed to cool to room
temperature for duplex formation. SQRNA solution was used immediately or stored at

-20°C for up to 6 months.

RNP complexes were prepared by combining sgRNA and Alt-R SpCas9 enzyme in
equimolar amounts to a final concentration of RNP complex of 1 uM in 1x PBS. In vitro
(IVT) cleavage reactions were performed by mixing DNA substrates and RNP
complexes in a 1:10 molar ratio. Thus, each IVT cleavage reaction contained 1 ul of
Cas9 RNP (1 uM), 1 ul of DNA substrate (100 nM), 1 pl of 1X Cas9 Nuclease Reaction
Buffer (200 mM HEPES, 1 M NaCl, 50 mM MgCl2, 1 mM EDTA) and 7 pl of Nuclease-
Free Water. Digestion reactions were incubated at 37°C for 60 minutes before adding
20 pg Proteinase K and incubated at 56°C for 10 min. Cleaved products were

visualized by agarose gel electrophoresis.
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2.2.13In vivo cleavage assay

Following the transfection of cell lines with RNP-gRNA complexes, in vivo cleavage
assays were performed. Firstly, sgRNA and RNP complexes were prepared as
described previously. RNP complexes were delivered into target cells using
CRISPRMAX Reagent Cas9 nuclease transfection following Thermal Fishers
conditions. After at least one day post-transfection, gene-edited cells were harvested
for DNA extraction (section 2.2.1). Genomic DNA was used as a template for PCR
reactions using primers amplifying the target site with the size of PCR amplicons
approximately 800 bp. PCR products were purified by AMPure Bead and eluted in
nuclease-free water (minimum 16 pl solution and 100 ng DNA per reaction). To form
final heteroduplexes, 2 pl of T7El Reaction Buffer (10X) was added and the mixtures

were incubated using the following thermal settings:

Step Temperature (°C) Time
Denature 95 10 minutes
Ramp 1 95-85 Ramp rate — 2°C/sec
Ramp 2 85-25 Ramp rate — 0.3°C/sec

After completing the thermal reaction, 2 pL of T7 endonuclease | (1 U/ yL) was added
to each tube and T7EI reaction was incubated at 37°C for 60 minutes. Final reaction
products were resolved by agarose gel electrophoresis to differentiate the original

PCR amplicons and cleaved products.
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2.2.14 Next-Generation Sequencing

Next-generation sequencing (NGS) was used to detect targeted genome modifications
or indel mutations. Firstly, NGS primers were designed to generate short amplicons
(200-250bp) of the target sites (Appendix 5). Amplicons were generated by using Q5
High-Fidelity DNA Polymerase (NEB) and genomic DNA extracted from Cas9 RNP-
targeted cells as templates. 5 yl of PCR products were separated by 1.5% (wt/vol)
agarose gel to check for single-band products. Single-band amplicons were purified
using AMPure XP Bead Purification. NGS sample labelling and preparation were
kindly supported by Dr. Andrew Nelson and Dr. Darren Smith (Northumbria
University). Sequencing-ready libraries with unique bar codes were generated using
Nextara XT DNA sample preparation kit (lllumina) according to the manufacturer’s
protocol. Labelled NGS samples were sequenced on the lllumina Miseq at 100,000
reads. HDR and indel analysis were performed by comparing NGS results to reference
genome sequences with read alignment programs Geneious

((http://www.geneious.com/).
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2.3 Bioinformatics and statistical analysis

2.2.1 Plasmid map and sequence retrieval

The map of pCR3 vector and pcDNA5/FRT were retrieved from Addgene and Life
technology (Appendix 3, Supplementary Data 1). The sequence of B2M was retrieved
from National Center for Biotechnology Information (NCBI) by following genomic
sequence ID 567, and mRNA sequence ID NM_004048.4. The full spike (S) surface
glycoprotein and nucleocapsid (N) protein sequences were obtained for severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Protein sequence data was
retrieved from NCBI by following genomic sequence ID NC_45512.2 (S) and

NC_004718.3 (N) in FASTA format (Appendix 3, Supplementary Data 2).

2.3.2 Data analysis and graphic illustrations
The statistical analysis in this study was performed using one-way or two-way ANOVA
on GraphPad Prism (version 9.3.0) unless otherwise state. Graphic illustrations were

drawn using Powerpoint, Paint, ImageJ and Biorender (https://biorender.com/).
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CHAPTER 3

RESCUE OF MHC-1 EXPRESSION BY PEPTIDE-

LINKED B2M
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Chapter 3 Rescue of MHC-I Expression By Peptide-linked B2M

3.1 Chapter aims & objectives

The aim of this chapter was to generate novel peptide linked molecules that can
facilitate the stable expression of MHC-I molecules, which can then be generated
using gene-editing technology. Based on the concept of the construction of MHC-I
SCT molecules, a novel fusion molecule of peptide and B2M has been developed and
referred to as the Peptide-linked B2M (PLB) molecule. PLB molecules were
developed in which the $2m light chain and a presented peptide were joined together
via a flexible linker sequence. PLB proteins were expected to be expressed and
delivered to the ER where they would assemble with endogenous specific HLA class
| heavy chains. If the MHC-I complexes containing PLB were successfully folded,
these molecules would be transported to the plasma membrane to present the desired

peptide.
To achieve the aim, several objectives were established, including:

1. Designing of peptides of SARS-CoV-2 origin which were capable of
presentation by HLA-A*02.

2. Establishment of DNA plasmid vectors containing B2M cDNA and PLBs with
different peptide sequences.

3. Evaluation of PLB expression in a B2M-deficient HEK cell line.
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3.2 Results

3.3.1 Strategy of Peptide-linker-B2M plasmid construction

Peptide-linker-B2M plasmids (pPLB) were constructed based on the structure of single
chain trimeric (SCT) molecules in which the three components of the MHC-I complex
are physically linked together (Figure 3.1A). The amino (N)-terminus of the SCT
contains the peptide linked to the N-terminus of B2M by a flexible linker and the C-
terminus of B2M is linked to the N-terminus of MHC-I heavy chain by a second flexible
linker (Figure 3.1B) [189]. Similarly, pPLB was developed to contain the desired
peptide at the N-terminus, followed by a flexible linker, with B2M at the C-terminus.
The first 60 nucleotides of B2M contain the signal sequence which directs B2M
translocation via the ER. Therefore, the aim was to locate the peptide of the pPLB
construct between the signal sequence and the rest of the B2M sequence. By
facilitating the signal sequence of B2M, the mRNA of pPLB could be translated and
translocated into the ER. Therefore, the first aim of this section was to generate the
pCR3.1-B2M plasmid by cloning the B2M cDNA into the pCR3.1 vector, followed by
insertion of peptide and linker sequences into pCR3.1-B2M plasmid to generate pCR3-
peptide-linker-B2M where the peptide-linker is located between Ala'' and Ile'? within
the B2M protein sequence (Figure 3.1C). Both pCR3-B2M and pCR3-peptide-linker-
B2M plasmids consist of the mature human B2M sequence but pCR3-peptide-linker-

B2M plasmids also contain the specified peptides and linkers as stated in table 3.5.
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Figure 3.1. Construction of single chain trimeric molecule and peptide linked B2M molecules.

(A-B) Schematic outlining the SCT and PLB constructs in comparison to a native MHC-I-peptide complex. The SCT consists of huB2M
signal sequence — peptide — linker 1—- B2M — linker 2 — HLA class | heavy chain. The PLB exhibits a similar construction to the SCT but
without linker 2 and HLA class | heavy chain.l) Cloning strategy of pCR3-B2M and pCR3-peptide-linker-B2M plasmids. Firstly, cDNA of
B2M is cloned into empty pCR3 plasmid by restriction enzyme cloning, followed by peptide-linker insertion into pCR3-B2M (between

Alal! and lle!? of B2M residue) using either Gibson assembly or PCR cloning.
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My first aim was to clone B2M as this would form the backbone of the peptide-linker
sequences | proposed to use. | proceeded to generate a pCR3.1-B2M plasmid, which
will be the backbone for pCR3.1-peptide-linker-B2M plasmid and would be used as a
positive control for later experiments. B2M cDNA was cloned into pCR3.1 (Invitrogen)
using bidirectional cloning. cDNA was synthesized from total RNA extracted from HEK
cells using ThemoScript™ RT reagents. B2M cDNA was PCR amplified using
F1.B2McDNA and R1.B2McDNA cloning primers (Appendix 5) which inserted BamHI
and EcoRI restriction enzyme sites located 5 and 3’, respectively, to the B2M
sequence. A temperature gradient PCR was performed to determine optimal PCR
conditions for B2M amplification (Figure 3.2A). The gradient PCR product
demonstrated the primer pair generated a specific product between the annealing
temperature range 52.7°C to 62°C with little if any detectable non-specific PCR

amplicons.

Purified PCR amplicons and pCR3.1 plasmid were double digested with BamHI and
EcoRlI before isolating the desired fragments followed by ligation with T4 DNA ligase.
Bacterial colony screening by PCR using F-CMV and R1.B2M.cDNA primers revealed
2 in 4 colonies were positive for B2M cDNA (Figure 3.2B). Sanger seguencing,
followed by BLAST sequence alignment showed that clone number 2 contained the
intact B2M gene sequence (reference gene - NM_004048.4), while clone number 1
was found to contain a missense mutation (6.V>A) with exon 1 of B2M gene (Figure

3.2C and 3.2D). Therefore, clone 2 was used throughout the thesis.
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Figure 3.2. Cloning of B2M cDNA into pCR3.1 plasmid.

(A) cDNA amplicon with the size of 383 bp consisting of 360 bp B2M sequence and 2
restriction enzyme sites (EcoR1 and BamH1) inserted into the 5’ and 3’ flanking ends.
(B) Clones containing desired pCR3.1- B2M were identified by PCR colony screening
using primer pair targeting CMV promoter (F-CMV) and 5’ end of B2M cDNA sequences
(R1.B2M.cDNA). A PCR amplicon of 543bp was detected for clones 1 and 2 indicating
successful cloning of B2m. (C, D) BLAST sequence alignment results of retrieved wild
type B2M cDNA sequences and B2M amplicons from pCR3.1- B2M plasmid extracted
from 2 screened clones. Nucleotide mismatch is highlighted in the red box.

3.2.2 Selection of HLA-A*02:01 specified peptides
Before constructing the pPLB plasmid, peptide and linker sequences were to be

identified for testing the ability of these constructs to express peptide-B2m linked
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complexes. The HLA-A*0201 subtype was chosen as the HLA of choice due its high
prevalence in all ethnic populations [337]. The selection of peptide and linker
sequences was based on previous studies of SCT molecules and in silico analysis of
pathogen-derived peptides specific for HLA-A*02. A literature review of SCT
constructs found that there were 8 HLA-A2 specified peptides have been used to
generate SCT molecules (Table 3.1). Among them, there was the human
papillomavirus HPV-E629-38 (TIHDIILECV) which is one of the CD8 T-cell dominant
responses to HPV infection and reported by many different investigators. The two most

common linkers used to fuse peptide and B2M were Gs(SGG)3 and (GGGGS)s.

Table 3.1. Summary of HLA-A*02:01 specified peptides and linkers used to develop SCT

molecules and stimulate CD8+ cytotoxic T cells.

Peptide Linker Origin of peptide Epitope name Ref
Sequence |sequence
VLHDDLLEA |G6(SGG)3 [HA-1 minor histocompatibility antigens [HA-1 mHag [101]
YIGEVLVSV [G6(SGG)3 |HA-2 minor histocompatibility antigens |HA-2 mHag [101]
GILGFVFTL |(GGGGS)3 (Influenza A virus FMP58-66 [192]
TIHDIILECV |[(GGGGS)3 [Human papillomavirus type 16 HPV-E6(29-38) [192, 338-
340]
LLFGYPVYV (GGGGS)3 [Human T-cell leukemia virus type | HTLV-tax11-19 [192]
ILKEPVHGV |(GGGGS)3 |[Human immunodeficiency virus 1 HIV-pol476-484 [192]
SVGGVFTSV [(GGGGS)4 |West Nile virus SVG9 [189]
LIYDSSLCDL ((GGGGS)4 |Vaccinia virus Mammoglobin A epitope[189]
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During the course of this study, the COVID-19 pandemic interrupted this project,
however, no study had employed SCT technology to present SARS-CoV-2 peptides
as a DNA vaccine. Therefore, additionally, | attempted to identify potential SARS-CoV-

2-derived peptides that could be employed in the generation of PLBs.

| therefore applied a peptide prediction algorithm NetMHCpan-4.1 to predict HLA-
A*02:01 binding peptides generated from the SARS-CoV-2 Spike (S) and
Nucleocapsid (N) proteins. The criteria for selecting peptides included: (i) 9-mer
peptides; (ii) only those specified for HLA-A*02:01; (iii) thresholds for strong and weak
binders which are defined as having % eluted ligand rank <0.5 and <2, respectively
[341]. By using the above criteria, the result of NetMHCpan analysis provided 1264
and 411 peptides from the S and N proteins, respectively. Based on the %Rank of the
predicted binding score, the top 10 strongest binding peptides of each target were

listed in table 3.2.

Table 3.2. Predicted specified HLA-A*02:01 binding peptides from S and N proteins of
SARS-CoV-2.

Peptide analysis was performed by the IEDB analysis resource NetMHCpan (ver. 4.1)
tool (top 10 for each protein). All peptides were 9-mers and specified for HLA-A*02:01.
The score is a raw prediction score and % rank is the rank of predicted binding score

compared to a set of random natural peptides.

% EL
Protein length peptide score
rank
S 9 YLQPRTFLL 0.971198 0.02
S 9 VLNDILSRL 0.938498 0.03
S 9 TLDSKTQSL 0.914998 0.03
S 9 RLQSLQTYV 0.87376 0.05
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S RLDKVEAEV 0.825045 0.06
S LLENKVTLA 0.803506 0.08
S HLMSFPQSA 0.798454 0.08
S VVFLHVTYV 0.74167 0.11
S RLNEVAKNL 0.652653 0.16
S FIAGLIAIV 0.641405 0.17
N LLLDRLNQL 0.955818 0.02
N KLDDKDPNF 0.551611 0.23
N GMSRIGMEV 0.422183 0.34
N LQLPQGTTL 0.197071 0.8
N DLDDFSKQL 0.190521 0.83
N AQFAPSASA 0.176071 0.91
N RLNQLESKM 0.126287 1.2
N ILLNKHIDA 0.125549 1.2
N TTLPKGFYA 0.095317 1.4
N RTATKAYNV 0.080514 1.6

Based on the literature research and in silico peptide analysis, | decided to use 3
different HLA-A2 specified peptides including HPV E629-38, SARS-CoV-2 N325-333, and
SARS-CoV-2 Saee277. While HPV E629-38 is a most widely used peptide with respect to
experimentation relating to SCT responses, SARS-CoV-2 S22 has been predicted

to exhibit the strongest binding affinity to HLA-A*02:01.
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Table 3.3. Summary of selected HLA-A*02:01 specified peptides and linker for

designing construct of Peptide-linked B2M (PLB)

Peptide Linker Origin of peptide Location PLB name
sequence sequence
TIHDIILECV (GGGGS)3 HPV type 16 E6 protein E629-38/(GGGGS)3
GMSRIGMEV (GGGGS)3 SARS-CoV-2 Nucleoprotein N325-333/(GGGGS)3
YLQPRTFLL (GGGGS)3 SARS-CoV-2 Spike protein S260-277/(GGGGS)4
YLQPRTFLL G6(SGG)3 SARS-CoV-2 Spike protein S269-277/G6(SGG)3

3.3.3 Generation of pCR3.1-peptide-linker-B2M plasmids

Following selection of the desired peptides and linkers, | used the Gibson Assembly
(GA) strategy illustrated in Figure 3.3A, to generate the PLB constructs using the
sequences mentioned in Table 3.3. The plasmid was linearized by PCR (5130 bp) and
assembled with a double-stranded DNA fragment (gBlock), containing 5’ and 3’
homology arms along with the peptide and linker sequences using Gibson Assembly
(GA). Sequences of gBlock DNA fragments used throughout the thesis are listed in
Supplementary data 2. The GA product was transformed into E. coli and colonies
screened by PCR to identify desired clones. PCR screening was performed using
primer F-CMV and R1.B2M.cDNA which would generate a 543 bp amplicon signifying
only the B2M sequence or a 615-618 bp fragment containing the peptide-linker-B2M-
sequence. Electrophoresis results (Figure 3.3C) indicated that 1 in 5 screened
colonies (lane 3) potentially contained plasmid pCR3.1-E629-35-(GGGGS)3-B2M. The
sequence of pCR3.1- E629-38-(GGGGS)3-B2M plasmid was confirmed by Sanger
sequencing (Figure 3.4, top image). Electrophoresis results (Figure 3.3D) indicated 6

in 8 screened colonies (lane 1-5 and 7-8) potentially contained pCR3.1-Nz325.333—
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(GGGGS)3-B2M plasmid. Sanger sequencing of 3 in 6 clones showed that 2 plasmids

contained the desired sequence (Figure 3.3E) with 1 clone exhibiting a mutation (Data

not shown).
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Figure 3.3. Generation of pCR3.1- E629_38-(GGGGS)3-BZM and pCR3.1-N325.333—(GGGGS)3-BZM.

(A) Strategy of inserting peptide and linker into B2M backbone sequence. (B) Electrophoresis result of linearizing pCR3.1-B2M by PCR
reaction using B2MPI-Antisense primer and B2MPI-Sense primer. The linearized plasmid (lane 1-3) has the size of approximately 5130
bp.(C) Colony PCR screening using amplification of -E629-33-(GGGGS)3-B2M to identify clones containing desired inserts. PCR product
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of pCR3.1- B2M and pCR3.1-peptide-linker-B2M plasmids had the size of approximately 530 and 600 bp, respectively. Therefore, Lane
3 contains the PCR product of the desired sequence. (D) Colony PCR screening using amplification of the -N325.333—(GGGGS)3-B2M
sequence to identify clones containing desired inserts. Lane 1-5,7 and 8 are the PCR product of the desired size containing N325.333—
(GGGGS)3-B2M. (E) Sanger sequencing results confirm the DNA sequence of E629-35-(GGGGS)3-B2M and N325-333—(GGGGS)3-B2M using

F-CMV primer. Data are presented of one experiment.
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In order to simplify the GA cloning approach used to generate PLB plasmids, |
developed the new method to clone the peptide just by including the peptide sequence
within the primers used to linearize the vector alongside using the GA approach.
Following this idea, | proceeded to generate pCR3.1-S2e9.277-(GGGGS)3-B2M plasmid
as illustrated in Figure 3.4A. Using the pre-made pCR3.1-peptide-linker-B2M plasmid
and primers (sense-GA.A2/Szes-277 and anti-sense- GA.A2/S2ss-277, Appendix 5)
consisting of the homologous regions with signal sequence and linker at the 5’ end
and the desired peptide sequence at the 3’ end. The size of each primer was 60 bp.
The majority of PCR products of pCR3.1-peptide-linkage-B2M plasmid and these
primers were the linearized pCR3.1-Sz69-277-(GGGGS)3-B2M plasmids. The linearized
plasmid has the size of approximately 5157 bp (lane 7, Figure 3.4B). Linearized
PCR3.1-S269-277-(GGGGS)3-B2M plasmid were assembled by using NEBuilder HiFi
DNA Assembly Master Mix. The GA product was transformed into E coli and screened

by PCR to detect the clone containing the desired plasmid.

Simultaneously, | generated the pCR3.1-S269.277-G6(SGG)3-B2M plasmid using the GA
method with a gBlock DNA fragment by following the original method. Electrophoresis
results of PCR screening reactions (Figure 3.4B) indicated that 7 in 7 screened clones
(lane 1-7) potentially contain pCR3.1-S269.277-(GGGGS)3-B2M plasmids and 5 in 7
screened clones (lane 9 and 11-14) potentially contain pCR3.1-S269-277-Ge(SGG)3-
B2M plasmid (Figure 3.4C). Three of each potential clones were expanded, and
plasmid DNA was extracted for confirming the sequence by Sanger sequencing.
Sanger sequencing results showed that all clones contained the desired S2e9-277-

(GGGGS)3-B2M and Sazse.277-Gs(SGG)s-B2M sequence (figure 3.4D).
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Figure 3.4. Generation of pCRs.1-8269.277-(GGGGS)3-82M and pCR3.1-5259.277-65(SGG)3-

B2M containing plasmids.

(A) Strategy of inserting SARS-CoV-2 Szs9-277 peptide into pCR3.1-peptide-(GGGGS)3-
B2M plasmid using GA assembly with one DNA fragment. (B) Electrophoresis result of
linearizing pCR3.1-peptide-(GGGGS)3-B2M plasmid using sense-GA.A2/Szes-277 and
anti-sense- GA.A2/Szes-277 primers. The linearized pCR3.1-peptide-(GGGGS)3:-B2M
plasmid (lane 7) has the size of 5157 bp. (C) Colony PCR screening to identify clones
containing desired inserts. The PCR product of pCR3.1-peptide-linker-B2M plasmids had

the size of approximately 600 bp. (D) Sanger sequencing results confirm the DNA
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sequence of pCRS.1-8269.277-(GGGGS)3-BZM and pCR3.1-8269.277-G6(SGG)3-BZM

sequences matched the design construct. Data are presented of one experiment.

3.3.4 Generating a test B2M Negative HEK cell line

In order to test the expression and ability of peptide-linker-B2M sequences to rescue
MHC-I expression | wanted to generate a B2M negative cell line. | decided to use the
Cas9 ribonucleoproteins (RNPs) consisting of Cas9 protein and single-guide RNA
(sgRNA) to disrupt expression of the B2M gene. Therefore, different sgRNAs were
designed to target different sites of B2M by using the web based CRISPR tools called
Benchling. The criteria for choosing sgRNAs were: (i) appropriate to use with spCas9,
(i) an optimal length of 20 nucleotides; (iii) close to the target sequence sites which
included exon 1 (Chrl5:25003759 and Chrl5:25003765), middle of exon 2
(Chr15:25007713 and Chr15:25007716) and end of exon 2 (Chrl5:25007886 and
Chr15:25007888); and (iv) high score for off-target activity (>60) and on-target activity
(>40). Whilst the on-target score indicates the cleavage efficiency of Cas9 RNP, that
of the off-target predicts the inverse probability of Cas9 off-target binding. Based on
these criteria, six different sgRNA have been identified and described in Figure 3.5.

All sgRNAs were synthesized in the form of crRNA:tracrRNA duplexes (IDT).
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[sRNA.B2m.1.1 - cgcgageacagcetaaggeea | cgg 59.2 40.5 Chr15:25003759
[sRNA.2m.1.2 - |gagtagcgcgagcacageta | agg 48.1 47 Chr15:25003765
sRNA.B2m.2.1 - |aagtcaacttcaatgtcgga tgg 58.2* 46.6 Chr15:25007713
[sRNA.2m.2.2 - |cagtaagtcaacttcaatgt cgg 59.7* 39.6 Chr15:25007716
[sRNA.B2m.2.3 + |cacagcccaagatagttaag | tgg 56.7* 41.4 Chr15:25007886
[sRNA.B2m.2.4 + |cagcccaagatagttaagtg | ggg 71.8* 41.9 Chr15:25007888

Figure 3.5. Selection of sgRNAs targeting B2M

Diagram (top) describes the genomic B2M containing 3 exons. Six different crRNAs (blue
line) were designed to guide Cas9 nuclease targeting the B2M gene at different locations
including: exon 1, middle of exon 2 and end of exon 2. The PAM sequences (NGG)
specified for spCas9 are underlined with orange. The bottom table provides details of
sgRNAs designed to target the B2M allele.

In order to evaluate the function of the sgRNAs, two primer pairs were designed to
amplify different regions within the genomic B2M gene. While F1.B2M.exonl and
R1.B2M.exonl were designed to generate a 762 bp amplicon containing exon 1 of
B2M, F3.B2M.exon2 and R3.B2M.exon2 were designed to generate a 769 bp
amplicon containing exon 2 of B2M (Appendix 5). The function of the designed sgRNA
were evaluated via an in vitro (IVT) cleavage assay. In this assay, equal amounts (200

Mg) of naked DNA amplicons covering the target sites were treated with the RNP
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complex consisting of the Cas9 nuclease and sgRNAs, followed by gel
electrophoresis. If the Cas9 RNP can recognize the target site via the interaction
between the crRNA and target sequence, the Cas9 protein will induce DSBs and
cleave the PCR amplicons into 2 bands of different lengths, which can be visualized
by 1.2% (w/v) agarose electrophoresis. The human Hypoxanthine-guanine Phospho
Ribosyl Transferase (HPRT) sgRNA (IDT) was used as a negative control for the
cleavage of B2M amplicon. Electrophoresis results (Figure 3.6) indicates that the
HPRT sgRNA did not guide cleavage of either exon 1 or exon 2 B2M amplicons (lane
3 and 8). Cleaved bands were observed in all lanes loaded with amplicons which were
treated with Cas9 RNPs targeting exon 1 (lane 1 and 2) and exon 2 of B2M (lane 4-
7). The cleaved bands generated by sgRNA.B2M.1.1 (lane 1) was observed to be less

intense than that of other sgRNAS, suggesting lower efficiency of cleavage directed by

this sgRNA.
F1.B2m.exonl F3.B2m.exon2
+ +
R1.B2m.exonl R3.B2m.exon2

bp M 1 2 3 4 5 6 7 8

1: gRNA.B2m.1.1 (425 + 337 bp)
2: gRNA.B2m.1.2 (431 + 331 bp)
4: gRNA.B2m.2.1 (383 + 386 bp)
5: gRNA.B2m.2.2 (390 + 379 bp)
6: gRNA.B2m.2.3 (579 + 200 bp)
7: gRNA.B2m.2.4 (582 + 198 bp)
3, 8: gRNA.HPRT
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Figure 3.6. In vitro cleavage assay of Cas9 RNPs targeting B2M.
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Electrophoresis results indicate cleavage of PCR B2M amplicon following incubation with
Cas9 protein and sgRNAs targeting exon 1 (lane 1,2) and exon 2 of B2M (lane 4-7) and
the control HPRT amplicon (lane 3,8). Amplicons of B2M exon 1 and exon 2 have the
length of 762 bp and 769 bp, respectively. The annotation (right) indicates the sgRNA
used for each lane and corresponding expected cleavage bands for each sgRNA. Data

are presented of one experiment.

Cas9 RNPs targeting B2M were then used to generate the B2M-deficient cell line.
HEK cells were chosen as the target cell line due to its expression of HLA-A*02:01
which is required for binding the designed peptides. Equal amounts of RNP complexes
were transfected into HEK cells. Cas9 RNP targeting the HPRT gene was also
transfected as a negative control. 24hrs after transfection, one third of the
transfectants were harvested and genomic DNA (gDNA) extracted for evaluating the
cleavage efficiency of Cas9 RNP targeting B2m by in vivo (IVV) cleavage assay.
Genomic DNA was similarly extracted from HEK cells transfected with Cas9 RNPs
targeting exon 1 and exon 2 of B2M and amplicons generated using
F1.B2M.exonl/R1.B2M.exonl and F3.B2M.exon1l/R3.B2M.exonl primer pairs,
respectively. The PCR amplicons were denatured and reannealed to allow the
formation of heteroduplexes between mutated DNA and wt DNA followed by
incubation with T7 endonuclease |I. CRISPR-mediated indel mutations were then
detected based on the gel electrophoresis result of T7El-treated amplicons. IVV
cleavage results (Figure 3.7) of HEK cells untreated (lane 4 and 10) or treated with
RNP targeting HPRT (lane 3 and 9) showed no cleavage. Cleavage products were
observed in lanes corresponding to HEK cells transfected with Cas9 RNPs targeting

B2M (lane 1, 2 and 5-8).
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Figure 3.7. In vivo cleavage result of Cas9 RNPs targeting B2M.

Agarose electrophoresis results of T7EI digestion containing PCR amplicons from
untreated HEK cells (lane 4 and 10) and HEK cells transfected with Cas9 RNP targeting
B2M (lane 1, 2, 5-8) and HPRT (lane 3 and 9). The amplicons with indel mutations formed
the heteroduplex and were digested by T7EI into smaller bands. The annotation (right)
indicates the sgRNA used for each lane and corresponding expected cleavage products
for each sgRNA. Data are presented of one experiment.

* Small DNA bands diffused during electrophoresis

To investigate how CRISPR-mediated knock-out of B2M affected cell surface
expression of MHC-I, each HEK transfectant was analyzed by flow cytometry at day
1, 5 and 9 post-transfections. Cells were stained with the conformationally dependent
W6/32 pan MHC-I specific antibody [333]. Flow cytometric analysis (Figure 3.8)
revealed that W6/32-reactive MHC-I were expressed by untreated and HPRT targeted
HEK cells from days 1-9. Flow cytometry indicated that surface MHC-1 was detectable
after day 1 by gene-edited cells. However, the numbers of cells expressing surface
MHC-1 complexes declined on days 5 and 9. Compared to other sgRNAs,
SgRNA.B2M.2.2 led to the most significant decrease in MHC-I expression from 89.7%

on day 1 to only 33.3% on day 5.
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Figure 3.8. Investigation of surface MHC-1 expression by gene-edited K562 cells.

Cell surface expression of MHC-I were analysed by FACS using the W6/32 antibody staining of HEK cells on 1,

5 and 9 day post-transfecction with RNP targeting B2M. Untreated cells and cells treated with RNP targeting

HPRT were used as a negative control. The FACS dot blots (top image) indicate the MHC-I postive (green) and

MHC-I negative (blue) HEK populations. The bar graph (bottom image) indicate the percentages of MHC-I

expression as determined by flow cytometry. Data are presented of one experiment.
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HEK cells targeted with the RNP of sgRNA.B2M.2.2 were then used to isolate single
cell clones which had a complete absence of MHC-I expression. Single-cell clones
of gene-edited HEK cells were expanded and tested for MHC-I expression using
W6/32 antibody staining. Flow cytometric analysis of single cell clones showed 3 in
11 clones had no expression of MHC-I: A5, B1 and C2 (Figure 3.9A). These clones
were further expanded, and genomic DNA extracted for Sanger sequencing using
the F3.B2M.exonl primer. Sequencing results indicated that the HEK.B2M.KO.B1
cell line carried a deletion of 20 nucleotides on both B2M alleles, resulting in a
frameshift mutation leading to the absence of B2M expression (Figure 3.9B). The
HEK.B2M.KO.B1 cell line was therefore selected as the surrogate B2m deficient cell

line for further experiments.
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2103_I_Hek B3_CO_C00_027 fcs
2103_I_Hek_C1_C01_003.fcs
2103_I_Hek C2_F2_F02_042.fcs
2103_I_Hek B6_C12_C12_036.fcs
2103_|_Hek B5_C11_C11_033.fcs
2103_I_Hek B4_C10_C10_030.fcs
2103_I_Hek B1_C7_C07_021.fcs
2103_I_Hek A5_C5_C05_015.fcs

=] [= = HEE

2103_|_Hek A4_C4_C04_012.fcs
2103_|_Hek A3_C3_C03_009.fcs
2103_I_Hek A1_C1_C01_003.fcs

DD
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MHC class |
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Hek.B2mKO.B1 TGAATTGCTATGTGTC TGGGTTTCA -------------------- ACTTACTGAAGAATG

LELLEDLLELEEEEELErttrnt LLLLLEDLETLLTT
Wide-type TGAATTGCTATGTGTCTGGGTTTCATCCATCCGACATTGAAGTTGACTTACTGAAGAATG

Figure 3.9. Identification of a homologous B2M knock-out HEK cell line.

(A) HEK cells transfected with RNP of sgRNA.B2M.2.2 were analyzed for cell surface
expression of MHC-I molecules by flow cytometry using the W6/32 antibody. Flow
cytometric data of each single clone were analyzed and merged using Flowjo software.
(B) Sanger sequencing results confirmed the single clone B1 carried a homozygous
deletion leading to the loss of B2M expression (NM_004048.4(B2M):del.152T>172G).
Data are presented of one experiment.
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3.3.5 Expression of PLB in B2M-deficient HEK cells

The HEKB2m deficient cell line was then employed to determine the function of the
previously generated PLB by examining their ability to rescue surface expression of
MHC-I. HEK.B2M.KO.B1 were transfected with the different pPLB plasmids listed in
table 3.3. Wild type HEK cells and HEK.B2M.KO transfected with pCR3.1-B2M
plasmid were used as a positive control for the expression of MHC-I. Untreated
HEK.B2M.KO and HEK.B2M.KO transfected with an empty pCR3.1 were used as a
negative control for the expression of MHC-I. Transfected B2M-deficient cells were
grown in selection medium (G418) followed by incubation with IFN-y on day 5 to
enhance expression of MHC-I. After d5, cell lysates were prepared and immunoblotted
to assess B2M protein expression and flow cytometry analysis was performed to

determine cell surface MHC-I expression.

Immunoblotting

pPLB i

Transfection \ . /

> —_— )
+ IFN-y

+G418 T v : 0
Hek.B2m.KO " N . O

Figure 3.10. Strategy to evaluate function of pPLB plasmids.

pPLB plasmids were transfected into B2M-deficient HEK cells, followed by growing in
selection medium containing IFN-y. The expressions of PLBs were evaluated by

immunoblotting and flow-cytometry analysis on day 5 post-transfection.
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To investigate how pPLB affected cell surface expression of MHC-I and HLA-A*02:01,
each transfected cell was analyzed by flow cytometry using both W6/32 and the HLA-
A2/-A28 specific BB7.2 antibodies [342]. The positive controls (HEK) demonstrated
general MHC-I expression as determined by W6/32 staining and A2 expression as
determined by BB7.2, while neither negative control (HEK.B2M.KO cells) exhibited
any class | (Figure 3.11). W6/32 staining (Figure 3.11B) revealed that transfection of
pPLB plasmids could rescue some expression of MHC-I on HEK.B2M.KO cells.
However, The percentage of MHC-I positive population appeared on all pCR3.1-
peptide-linker-B2M transfected samples is significantly lower compared to the positive
control (HEK cells) as well as HEK.B2M.KO cells transfected with pCR3.1-B2M
plasmid. BB7.2-stained flow cytometric analysis (Figure 3.11C) demonstrated that
pCR3.1-B2M and different pPLB plasmids rescued HLA-A2 expression on
HEK.B2m.KO to varying levels. Compared to pCR3.1-B2M, transfection of pCR3.1-
E629 38-(GGGGS)3-B2M , pPCR3.1-Na25333~(GGGGS)3-B2M  or  pCR3.1-Sz0.277-
(GGGGS)3-B2M plasmids could rescue HLA-A2 to a significantly lower percentage.
Surprisingly, HEK.B2M.KO samples transfected with the pCR3.1-S269.277-G6(SGG)3-
B2M plasmid exhibited significantly higher rate of HLA-A2 positive population than
positive control samples, suggesting that transfection of pCR3.1-S269.277-G6(SGG)3-

B2M significantly enhanced HLA-A2 expression.
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Figure 3.11. Flow-cytometry analysis of B2M-deficient cell transfected with pPLB

plasmids.

(A) The flow cytometry histograms of surface MHC-I (A, B & C) and HLA-A*02 expression
by wild type, untreated B2M-deficient and B2M-deficient HEK cells transfected with
pCR3.1 and pPLB plasmids. Surface MHC-I and HLA-A*02 expression was analyzed by
flow cytometry using W6/32 (left) and BB7.2 antibodies (right), respectively. (B) Bar
charts indicating the percentage of positive MHC-I population as determined by W6/32

staining. (C) Bar charts indicating the percentage of positive HLA-A*02 expression. Two-
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way ANOVA. ****pP<(.001. The means of MFI were calculated from triplicate data points
(mean £+ SEM, n=3).
To examine the expression of PLB proteins by the various B2M-deficient HEK

transfectants, equal number (10°) of cells were lysed in 1% NP-40 detergent. Reduced
lysates were resolved on 17% SDS-PAGE followed by immunoblotting with anti-B2M
antibody to assess B2M protein expression, and anti-GAPDH antibody as an internal
loading control. Immunoblotting with GAPDH (Figure 3.12, top row) revealed
approximately equal protein loading between the cell lysates. Immunoblotting with
anti-B2M antibody (Figure 3.12, bottom row) demonstrated that the wild-type (wt) B2M
proteins (11.7 kDa) were observed in cell lysate from WT HEK cells (lane 1) but not in
either untreated B2M-deficient HEK cells (lane 2) or B2M-deficient HEK transfected
with the empty pCR3.1 vector (lane 3). B2M was detected in cell lysates of B2M-
deficient HEK transfected with the pCR3.1-B2M plasmid (lane 5). The calculated
protein sizes of PLB proteins are slightly different depending on the inserted peptide
and linker sequence. Using Expasy to calculate predicted protein molecular weights,
PLB-N325-333—(GGGGS)3, PLB-S269-277-(GGGGS)3 and PLB-S269-277-G6(SGG)3 were
expected to have a Mw of approximate 13.6 kDA, whilst that of PLB-E629-3s-
(GGGGS)3 was expected to be larger with a size of 13.8 kDa. Although bands with
the corresponding sizes to the different PLB proteins were detected by immunoblotting
with anti-B2M antibody, the intensity of these bands were different. Compared to the
wt B2M band, PLB-S2e69-277-(GGGGS)3 and PLB-S269-277-G6(SGG)3 demonstrated
lower expression levels but PLB-N325-333—(GGGGS)3 appeared to exhibit higher
expression levels. These observations suggests that the type of peptides and linker

influence the cellular capacity to synthesize PLB molecules.
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Figure 3.12. Immunoblotting of B2M and PLB proteins.

Northumbria University

GAPDH

B2m

Wild type HEK and B2M-deficient cells transfected with pCR3.1 and pPLB plasmids were
lysed in 1% NP-40 detergent. Reduced lysates were resolved by 17% SDS-PAGE gel
followed by immunoblotting with anti-GAPDH and anti-B2M antibodies. Cell lysates of

HEK were loaded in lane 1 and those of HEK.B2M.Ko were loaded in lane 2-8. Lane 2 is

untreated B2M-deificient HEK cells. Lanes 3, 4 and 5-8 are lysate samples of B2M-
deficient HEK cells transfected with pCR3.1, pCR3.1-B2M and different pPLB plasmids,

respectively.
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3.3 Discussion

In this part of the thesis, | describe the first PLB molecules containing peptides derived
from the SARS-CoV-2 virus, which is the pathogen leading to Coronavirus disease
2019 (COVID-19). Toward this goal, | have created three SARS-CoV-2 PLB and one
HPV PLB that were transfected into B2M-dificient cells to evaluate their ability to

rescue MHC-I expression prior to use in gene editing experiments.

There have been previous studies with similar Peptide-linked B2M (PLB) molecules
which have been referred to as epitope-linked B2-microglobulin [343] or peptide-B2M
fusion molecules [344]. PLBs could generate peptide-specific CTL responses and
potentially become an immunotherapy or vaccine candidate to combat many
neoplastic diseases or viral infections. The only B2M-deficient cell line used for testing
PLB was the human colorectal adenocarcinoma DLD-1 cells, which expresses two
mutations on two B2M alleles (each allele carrying a separate mutation) [345], and
reported in Tafuro’s study [344]. Tafuro’s group transduced the retroviral vector of
HLA-A2-PLB containing the influenza matrix epitope (GILGFVFTL) into DLD-1 cells to
generate cells expressing an MHC complex of HLA-A2 and the fusion protein. The
result of >'chromium-release assays showed that flu-matrix -specific CTLs can lyse

78% of DLD-1 cells expressing the PLB.

In my study, 6 different sgRNAs for CRISPR/Cas9 were used for knocking-out B2M
expression within the HEK cell line which also expresses HLA-A2. The IVT and IVV
cleavage assays, demonstrated that all RNP of Cas9 nuclease and sgRNA have the
ability to generate DSBs at the selected target sites. On day 5 post-transfection, the
negative MHC-I HEK population could be separated clearly from the positive MHC-I

population (Figure 3.11A). The monoclonal B2M-deficient HEK cells were isolated
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from the polyclonal population and confirmed by Sanger sequencing as well as
immunoblotting with anti-B2M antibody. The CRISPR/Cas9-mediated system has

brought a huge advantage to precisely knock-out human B2M.

The expressions of MHC-I on B2M-deficient HEK cells were rescued after transfection
with different pPLB plasmids. These constructs have been shown to rescue MHC-I but
at a much lower expression level compared to wild type HEK cells or positive control
(B2M-deficient HEK transfect with PCR3.1-B2M vector). On the other hand, the
expression of HLA-A2 was detected at just slightly lower or similar levels between
transfected cells and control. Especially, in the case of the HEK.B2M.KO cell line
transfected with the pCR3.1-S269-277-G6(SGG)3- B2M plasmid, expression of HLA-A2
molecules at the cell surface was enhanced compared to pCR3.1-B2M vector. This
observation suggests that cells can synthesis the PLB protein from the PLB plasmid
and the PLB protein can form the MHC complex with only its corresponding peptide-

specific HLA molecule.

Combined with the B2M immunoblotting data, it suggests all PLB molecules have been
successfully translated and transported into the ER, possibly only binding to the
specific HLA class | heavy chain and then translocated to cell membranes in the form
of MHC-1 — PLB complex. For future analysis, the PLB transported to the plasma
membrane could be detected using immunoblotting of PLB protein released by cells
in the growth medium or by cell surface biotinylation experiments. Other HLA class |
heavy chains might still bind to the PLB but with the A2-specfic peptides not
associating with the binding groove. Additionally, the PLB molecules could bind to non-

HLA-A2 heavy chains and prevent other endogenous peptides from binding. Without
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peptides, MHC | molecules do not pass the ER quality control system and cannot be

transported to the cell surface [73].

Protein linkers play an important role in the development of novel biomolecules with
different functional properties. Directed-fusion proteins without a linker or with an
inappropriate linker may lead to unexpected outcomes, including impaired bioactivity
[240], low vyield in protein production [241], or misfolding of the recombinant protein
[242]. Based on their functionalities, linkers can be classified into three types: flexible,
rigid and cleavable. While flexible linkers have the advantage of joining functional
domains which require a certain degree of interaction or movement, rigid linkers are
frequently used to maintain the relative stiff structure between domains. Cleavable
linkers are not stable and allow for in vivo separation of domains. In both the SCT and
PLB, flexible linkers are the most appropriate to span the gap between the N terminus
of B2M and the C terminus of the peptide. Based on previous reports, two linkers,
(GGGGS)s and Gs(SGG)3, were used to develop pPLB plasmids containing SARS-
COV-2 S2e9-277 peptide and B2M [346, 347]. Interestingly, although both linkers have
the same numbers of Gly and Ser residues, they provided distinct contributions to the
expression of peptide-specific HLA class | at the cell surface. Indeed, the level of
expression of HLA-A2 on HEK.B2M.KO transfected with pCR3.1-S269-277-G6(SGG)3-
B2M plasmid was 5 times higher than that of HEK.B2M.KO transfected with pCR3.1-
S269-277- (GGGGS)3-B2M plasmid. Different PLB constructs with different peptides
need to be tested to determine how (GGGGS)s and Gs(SGG)s linkers really impact on
the expression of PLB at the cell surface. Additionally, the length of (GGGGS)» and

[{e})

Gs(SGG)n linkers can be changed by adjusting the copy number “n” to maintain
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necessary interaction between peptide and binding groove pockets of MHC-I

complexes.

Since the first description in 2009 by Dr. Daniel Gibson and colleagues [348], Gibson
Assembly (GA) has been widely applied for the assembly of multiple linear DNA
fragments in a single isothermal reaction. In this study, linear pCR3.1- B2M plasmid
and DNA fragments containing desired peptides and linker were fused together using
GA cloning master mix consisting of three enzymes: T5 Exonuclease, DNA
polymerase and Taq DNA Ligase. After achieving the first pPLB plasmids, | developed
a short GA cloning protocol to construct the new PLB plasmid which required the same
linker but alternative peptides. In this short GA protocol, the pPLB template was
linearized using a pair of 60nt primers containing the new peptide sequences. The
short GA protocol only required a pair of primers to accomplish construction of the
pPLB plasmid instead of the gBlock or Megamer DNA fragment required for
conventional GA. As a result, the short GA protocol can be cost saving for developing

future pPLB plasmids as well as introducing different peptides into SCT constructs.

In summary, our result demonstrated that the SARS-CoV-2 peptide-B2M fusion
molecules can be expressed and rescue the cell surface expression of HLA-A2. While
(GGGGS)s are routinely used to develop both PLB and SCT, the expression of MHC-
| shows that Gs(SGG)s linker can enhance the amount of HLA-A2 at the cell surface.
However, this analysis was performed with a limited number of peptides. It would be
of interest to determine if these molecules could induce CTL killing and whether these
molecules proceeded through the usual quality control mechanisms governing MHC-I

expression.
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CHAPTER 4

GENERATING PEPTIDE-LINKED B2M USING
CRISPR/CAS9-MEDIATED KNOCK-IN
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Chapter 4 Generating peptide-linked B2M using CRISPR/Cas9-
mediated knock-in

4.1 Chapter aims & objectives

The development of the peptide-linked B2M (PLB) and the MHC | single-chain trimer
(SCT) have been considered as potentially important DNA vaccines against tumors
[182, 187, 344] and pathogens [189, 349]. Up-to-now, most SCT and PLB constructs
were delivered into cells via viral or non-viral platforms. Viral vectors are a promising
system of gene delivery because of their efficiency and specificity which can target
either a wide range of cells or specific cell types. However, the limitation of viral vectors
includes risks of replication-competent virus, tumorigenesis, and pre-existing
immunity. On the other hand, non-viral vectors or plasmids are cost-saving and can
exhibit low immunogenicity, but delivery such as transfection of plasmids can be highly
toxic and expression of desired complexes can be unstable. In this study, | propose
that integration of peptide and linker into the B2M locus can lead to and maintain the
stable expression of PLB molecules by cells. Due to the low immunogenicity and
limited off-target effect, CRISPR/Cas9 Ribonucleoprotein (RNP) and donor templates
will be used to introduce the DSBs at the target exon of B2M to facilitate HDR of

peptide and linker for the generation of cell lines stably expressing PLBs.
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To achieve the above aims, several objectives were established, including:

1. Designing and optimizing CRISPR/Cas9 systems and donor templates to
introduce the PLBs into the endogenous B2M gene.

2. Generation of cell models stably expressing PLB molecules at the cell
surface and characterization of PLB expression using flow cytometry and
immunocytochemistry.

3. Determination of PLB function by CD8+ effector T cells
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Figure 4.1. Antigen presentation pathways of MHC-I, SCT and MHC-I-PLB complex.

(A) Cytoplasmic proteins are degraded by proteasomes to peptides. The peptides are transported into the endoplasmic reticulum and
assembled with class | MHC molecules. The peptide-class | MHC complexes are transported to the cell surface and are ready to be
screened by CD8+ T cells. (B) SCT construct containing all MHC-I components fused by covalent linkages can be expressed on the
plasma membrane and present specific peptides to T cells. (C) Using CRISPR/Cas?9, specific peptide and linkage sequences are directly

inserted into endogenous B2M to encode PLB molecules which can stably present the antigen on MHC class | molecules.
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4.2 Results

4.2.1 CRISPR/Cas9 system targeting exon 1 of B2M

The first aim of this objective was to design and optimize a CRISPR/Cas9 system
which could generate DSBs at the end of the B2M exon 1. To facilitate HDR of PLB
within the genomic B2M sequence, the original allele had to be cleaved by Cas9 RNP
to generate single or double stranded breaks and be repaired using a donor DNA
template. By using the bioinformatics tool- Benchling, single guide RNAs were
designed to target the end of exon 1 of B2M (Figure 4.2). The gRNA.B2M.1.3, had an
AGG PAM sequence to enable the generation of a DSB at the location of -11 nt from

the last nucleotide of exon 1.

GGCCTTAGCTGTGCTCGCGCTACTCTCTCTTTCTGGCCTGGAGGCTATCCAGCGTGAGTCTCTCCTACCCTCCCGCTCTGG
1 |

1 1 1 1 1 1 1 1 1 1 1 : 1 1 1
T T T T T T T T T T T T T T T 1

CCGGAATCGACACGAGCGCGATGAGAGAGAAAGACCGGACCTCCGATAGGTCGCACTCAGAGAGGATGGGAGGGCGAGACC
PAM gRNA.B2m.1.3

,
| |

Name Strand Sequence PAM On-target Off-target
score score
gRNA.p2m.1.3 - actcacgctggatagcctcc  agg  58.4%*

Figure 4.2. Design of sgRNA targeting the end of B2M.exon_1.

Genomic B2M contains 3 exons located on the long arm of chromosome 15 at 15g21.1.
sgRNA.B2M.1.3 (blue) was designed to target the end of exon 1 which contains the
intersection of the signal peptide and sequences of the B2M protein. 20-nt crRNAs follow
the PAM motif (red) at their 3’ end by a 5- NGG motif. The table (bottom) stated the
detail of the designed sgRNA.
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IVT and IVV cleavage assays were performed to validate the suitability of
SgRNA.B2M.1.3. Previously sgRNA.B2M.1.2 was shown to generate DSB on exon 1
of B2M (see Figure 3.6 and 3.7) and was therefore used as a positive control. Human
HPRT positive sgRNA (IDT) were used as a negative control for cleavage of the B2M

amplicon.

The naked PCR product of B2M.exonl amplified by F1.B2M.exonl and
R1.B2M.exonl was treated with Cas9 RNP of sgRNAs followed by electrophoresis
separation on a 1.2% agarose gel. IVV cleavage results demonstrated that Cas9 RNP
of sgRNA.B2M.1.3 could cleave naked PCR amplicons (762 bp) of B2M.exon 1
generating a 458 bp and a lower Mw band of 304 bp (lane 2, Figure 4.3A).
Subsequently, Cas9 RNPs were transfected into HEK cells by using Lipofectamine
CRISPRMAX Cas9 Transfection Reagent (ThermoFisher). After 24 hours, transfected
cells were harvested for gDNA extraction followed by PCR amplification of B2M.exon1.
The PCR amplicons were denatured and reannealed to allow the formation of
heteroduplexes between mutated DNA and wt DNA followed by the treatment with T7
endonuclease |. The cleaved products were separated by gel electrophoresis as
described. Electrophoresis image of the in vivo cleavage assay (Figure 4.3B) showed
that cleaved bands (458 and 304 bp) were observed by samples treated with Cas9
RNP of sgRNA.B2M.1.3 (lane 2). These results indicate sgRNA.B2M.1.3 can guide
the Cas9 protein to the target site where the RNP induces the DSB on genomic B2M

and facilitates the cell repair process following NHEJ mechanisms.
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Figure 4.3. Functional assays of sgRNA.B2M.1.3.

Electrophoresis results indicate the: (A) In vitro cleavage assay and (B) In vivo cleavage
assay of RNP of Cas9 protein and sgRNA.B2M.1.3 (lane 2). Samples transfected with
RNP of sgRNA.B2M.1.2 (lane 1 and HPRT positive sgRNA were used as positive and
negative controls, respectively). Amplicons of B2M exon 1 have the length of 769 bp.
Cleaved bands of RNP.B2M.1.2 and RNP.B2M.1.3 were expected to generate products
of 431+331 bp and 458+304 bp, respectively. Data are presented of one experiment.

The IVT and IVV cleavage assays demonstrated that the designed sgRNA.B2M.1.3
should be successful in guiding Cas9 protein to the B2M exon 2 and facilitate the DSB
at this site. In order to check the indel mutations caused by Cas 9 RNP of
sgRNA.B2M.1.3 in transfected HEK cells, the short amplicon of the target region was
generated by F- OT.sgB2M1.3_1 and R- OT.sgB2M1.3_1 (Appendix 5) and examined
by deep sequencing using lllumina NGS. By comparison with the reference genomic
B2M sequence, NGS data analysis (Figure 4.4) revealed that there were a wide range

of different indel mutations introduced into the B2M locus of gene-edited HEK cells.
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The most outstanding dominant mutations (>2%) were a frame shift 8bp deletion
(5.68%), frame shift 1 bp deletion (4.85%), in frame silent variant of a 7 bp substitution

(3.07%), and frame shift 1 bp insertion (2.54%).

PAM Target sequence of gRNA.B2m.1.3

DNA Target ‘ ‘GTGCTCGCGCTACTCTCTCTTTCTGGCCTGGAGG-CTATCCAGCGTGAGTCTCTCCTACCCT
S0:49% No nucleotide Variant = e tele s eie s s aels s als/olete N0 s u el ate s ale o e —/o/a\e(olatoralale]e a e\ ale e o s w ara e 0 e 0 0ls
5-68% Frame shift 8 bp deletion) it etieieisielelele\atals]eteletelevals sl e e mmm mm = mm 0\ 4 a s on7e 0 06010/ a8 /0 0 o]0 010 056 /e e ls "0
-85% Frame Shift 1 bp deleTion! iielelreieleinelelals e s sle 00 s ok0lo uls ol 0] 01n 0 0 = =lele]es sl e eslas o7 o o) o o]0 s e s Wla e Le s
07% In frame silent variant 7 bp substitution .........cciiiiiiiiiiiinnns TesAesAc=esssosssossssessssssssssses
-54% Frame shift 1 bp insertion! = iiacaesenissiensieisiasisiesiseisesiosienisiese G o/eselals n ate/Va s eloVs 0 0 e o 0 050 e o e 00
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Figure 4.4. INDEL spectrum of sgRNA.B2M.1.3 targeting the B2M locus.

Sequencing data indicates the INDEL spectrum of sgRNA.B2M.1.3 in the targeted B2M
locus. The top row shows the reference sequence of the targeted B2M region, which
contains crRNA (red) and its PAM (green). The bottom rows show a broad range of
INDELS on the aligned deep-sequencing data of HEK transfected with Cas9 RNP of
sgRNA.B2M.1.3. Sequencing data were aligned with reference sequences using

Geneious software.
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4.2.2 Optimization of HDR to insert peptide and linkers into the endogenous
B2M locus

After achieving optimized sgRNAs for introducing DSBs within the exon 1 B2M locus,
donor templates containing the desired peptides and linkers were designed to knock-
in these sequences into the target site located at the 3’ end of the first 60 nucleotides
of B2M. Double-stranded DNA (dsDNA) was used as a donor template for HDR on
gene-edited cells. Three different peptide sequences were used, which included, HPV
E629-338, SARS-C0OV-2 Nas2s-333, and SARS-CoV-2 Sae277. These peptides were
designed with two different linker sequences i.e. (GGGGS)s3 and Gs(SGG)3. The DNA
donor template sequence of peptide-linkers, must also contain two homology arms
flanking the target site [203]. In order to knock-in a 72-75 nt sequence insertion, |
designed two types of homology arm which varied in length, one containing 60 nt
(dsODN) and another of 200 nt (referred to as a Megamer) (Figure 4.5). Full

sequences of all donor templates are listed in Supplementary Data 3 (Appendix 3).

GGCCTTAGCTGTGCTC6CGCTACTCTCTCTTTCTGGCCTGGAGGCTATCCAGCGTGAGTCTCTCCTACCCTCCCGETCTGE
+ 1 1 1 1 1 1 1 ]
I
CCGGAATCGACACGAGCGCGATGAGAGAGAAAGACCGGACCTCCGATAGGTCGCACTCAGAGAGGATGGGAGGGCGAGACT
PAM ERNABZm.13

dsODN-B2m-peptide: 5 :sgnt Peptide |"nkage ~g0nt =3

30nt 45nt
- . i i
Megamer-B2m-peptide: 5" —— Peptide |""'“";"e e
30nt 45nt

Figure 4.5. Design of donor templates for HDR of PLB.

Donor templates can be used in combination with Cas9 RNPs to introduce HDR-mediated

insertion at the target site of exon 1 B2M locus. The insertion sequence included peptide
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and linker with a length of 72-75 nt. The homology arm of dsODN and Megamer donor
templates have the length of 60 and 200 nt, respectively.

At the early stage of this project, | used Cas9 RNP of sgRNA.B2M.1.3 and
dsODN.E629-38-(GGGGS)3 to test the validity of PLB insertion. The HDR on the B2M
locus was facilitated by co-transfected dsODN donor templates and RNP of Cas9
protein and sgRNA.B2M.1.3 using electroporation with the Amaxa Nucleofector
system (Lonza). Equal numbers (10°) of HEK and K562 cells were transfected with
ssODN and RNP complexes at the molar ratio of 4:1 followed by the incubation in
complete culture media with HDR Enhancer. Genomic DNAs were extracted from day
one post-transfected cells and used for preparing amplicons for the T7EIl assay by
F1.B2M.exonl and R1.B2M.exonl primers. Following resolution by DNA gel
electrophoresis, the T7EI assay (bottom image, Figure 4.6) demonstrated the cleaved
bands of 458 and 304 bp can be detected in both K562 and HEK derived samples
transfected with Cas9/sgRNA.B2M.1.3 RNP (Figure 4.6, lane 1, 2, 4 and 5). This result
indicates that Cas9/sgRNA.B2M.1.3 RNP complexes can introduce DSBs in all
transfected cells and can generate both indel mutations (without donor template) and
the desired insertion (with donor template). Electrophoresis result of PCR products
(top image, Figure 4.6) show a band of 837 bp arising from HDR (red arrow) in K562
cells transfected with RNP and donor template. This data indicates the dsODN

template can introduce the insertion of PLB in K562 but not in HEK cells
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Figure 4.6. Detection of HDR of PLB insertion in K562 and HEK cells

DsODN donor templates of HPV E629-35 peptide and (GGGGS)3 linker and RNP.B2M-1.3
were co-transfected into K562 and HEK cells. At one day post-transfection, PCR
amplicons of transfected cell-derived genomic DNA were used to check HDR efficiency
by PCR (top gel) and T7EI assay (bottom gel). The size of wt B2M amplicon and HDR

amplicon were 762 and 837 bp. Data are presented of one experiment.

Although the HDR of the PLB using dsODN as a donor template were detected in
K562 cells, this cell line does not express the HLA-A*02 allele which is required for the
expression of the designed PLB constructs. Therefore, the HDR experiment was
repeated as above using the Megamer donor template (Megamer.E629-3s8-(GGGGS)3)
instead of dsODN to overcome the possible HDR obstacle within the HEK cell line.
Following PCR and T7EI assay (Figure 4.7), the HDR band of 837 bp (lane 1, red
arrow) and T7El-cleaved bands of 458 and 304 bp (lane 3) were detected in HEK cells

transfected with RNP.B2M.1.3 and Megamer.E629-33-(GGGGS)3. These results
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indicated that HDR of the PLB was successful in HEK cells transfected with Cas9 RNP

and Megamer.
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Figure 4.7. Evaluating insertion of peptide and linker into the endogenous B2M allele

on HEK cells.

Megamer donor templates of HPV E629-38 peptide and (GGGGS)3 linker and RNP.B2M-
1.3 were co-transfected into HEK cells. At one day post-transfection, PCR amplicons of
transfected cell-derived genomic DNA were used to check HDR efficiency by the T7El
assay. The size of wt B2M amplicon and HDR amplicon were 762 and 837 bp. Data are

presented of one experiment.

In summary, | have successfully introduced the peptide and linker sequences into exon
1 of the B2M locus by using CRISPR/Cas9 and dsODN/Megamer donor templates.

The gene-edited HEK cells were expected to produce a PLB protein which carries the
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specific peptide for binding to the endogenous HLA-A*02 allele. This method was later

used to generate different gene-edited cells for evaluating the expression of PLBs.

4.2.3 Expression of PLB-E629-33-(GGGGS)s proteins in HEK cell

Following transfection with the donor template E629-33/(GGGGS)3 and Cas9 RNP of
sgRNA.B2M.1.3, gene-edited HEK cells were in a heterogenous cell population
(Figure 4.7). Therefore, monoclonal cell lines were generated from polyclonal pools of
stably transfected cells using single-cell isolation (see materials and method section
2.1.4). After 7-10 days, single-cell clones of gene-edited HEK cells were expanded
and partly harvested for extraction of genomic DNA. 41 clones of HEK cells were
isolated and expanded. PCR amplicons of each single-cell clone using F1.B2M.exonl
and R1.B2M.exonl primers were used to identify monoclonal cells containing desired
mutations based on the size of amplicons that would be generated from wt B2M (762
bp) and HDR B2M modified sequences (837 bp). PCR analysis demonstrated that only
one in 41 HEK clones (2.4%) potentially contained the desired insertion of E629-
38/(GGGGS)s (lane 7, Figure 4.8A). Sanger sequencing was performed using DNA
extracted from clone 7 (Figure 4.8B) which indicated that exon 1 of the B2M locus of
the monoclonal HEK-E629-38/(GGGGS)s cell line, contained a 100% match with the

sequence of the Megamer-E629-38-(GGGGS)3 donor template (Figure 4.8 B).
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Figure 4.8. Single-cell isolation of monoclonal HEK cells carrying E629-3s/(GGGGS)s.

Monoclonal gene-edited cells were isolated using serial dilution of polyclonal populations
followed by DNA extraction for PCR with F1.B2M.exonl and R1.B2M.exonl primers. (A)
DNA electrophoresis image of PCR product using genomic DNA templates extracted from
single cell HEK clones. The lengths of wt and gene-edited PCR carrying E629-
38/(GGGGS)3 are 762 and 837 bp, respectively. (B) Sanger sequencing results confirmed
the desired insertion of E620-38/(GGGGS)s into exon 1 of B2M allele. Data are presented
of one experiment.

To investigate how CRISPR-mediated insertion of peptide and linker within the B2M
locus affected cell surface expression of MHC-I molecules, the monoclonal gene-
edited HEK-E629-38/(GGGGS)3 cells were analyzed by flow cytometry using W6/32 and
BB7.2 antibodies. Prior to antibody staining, un-transfected and gene-edited clones
were incubated with IFN-y (400 1U/mL) for 3 days to enhance expression of MHC-I.
Experiments were performed in triplicate and the average MFI calculated (+ Standard

Error of Mean (SEM)). Flow-cytometry data of each sample stained by the same

antibody were compared using unpair t-test (Prism) (Appendix 4, supplement data 6
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and 7). Flow cytometric analysis (Figure 4.9) revealed that W6/32 and BB7.2- reactive
HLA types were expressed in both HEK and HEK-E629-38/(GGGGS)s. However, the
average MFI of W6/32 and BB7.2 staining (14090 + 89; 7010 + 163, respectively) of
HEK-E629-38/(GGGGS)s were significantly lower than those of WT HEK cells,
suggesting gene-edited HEK-E629-33/(GGGGS)s had very limited expression of HLA-

A2 on the cell surface.
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Figure 4.9. Flow-cytometry analysis of MHC-I expression by HEK-E629-35/(GGGGS)3

cells.

Surface MHC-1 and HLA-A*02 expression was analyzed by flow cytometry using W6/32
and BB7.2 antibodies, respectively. (A) The flow cytometry histograms of surface MHC-
| and HLA-A*02 expression by HEK (top) and HEK-E629-38/(GGGGS)s (bottom). (B) The
bar charts indicate the Mean Fluorescence Intensities (MFI) of MHC-I (top) and HLA-
A*02 (bottom) expression by HEK and HEK-E629-38/(GGGGS)s. One-way ANOVA with

Turkey’s post-test with ****P<0.001. The means of MFI were calculated from triplicated

data (mean = SEM, n=3).
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To examine the expression of PLB- E629-38/(GGGGS)s protein by transfected B2M-
deficient HEK cells, equal number (10°) of cells were lysed in 1% NP-40 detergent.
Reduced lysates were resolved on 17% SDS-PAGE followed by immunoblotting with
anti-B2M antibody and anti-Protein disulfide-isomerase (PDI) antibody, which probed
for PDI protein as an internal loading control. Immunoblotting with PDI (Figure 4.10,
bottom row) demonstrated approximate equal amounts of protein between the cell
lysates. Immunoblotting with anti-B2M antibody (Figure 4.10, top row) demonstrated
wild-type (wt) B2M proteins (11.7 kDa) in cell lysates from WT HEK cells (lane 5) and
HEK-E629-38/(GGGGS)s. The PLB-E629-38/(GGGGS)3 protein, with an expected size of
13.8 kDa was not detected in cell lysates derived from HEK-E629-38/(GGGGS)3
transfected cells. These observations suggests that the PLB-E629-38/(GGGGS)3

protein was not successfully synthesized by the gene-edited cells.

1 2
15 kDamem 1 :Hek
10 kDo
o5 kDo Ve PDI

Figure 4.10. Detection of B2M and PLB by HEK-E629_3s-(GGGGS)s cells.

Wild type HEK and HEK-E620-38-(GGGGS)s cells were lysed in 1% NP-40 detergent.
Reduced lysates were resolved by 17% SDS-PAGE gel followed by immunoblotting with
anti-PDI and anti-B2M antibodies. Cell lysates of wt HEK were loaded in lane 1 and those
of HEK-E629-358-(GGGGS)s cells were loaded in lane 2. WT B2M (11.7kDa) was detected
whilst PLB-E629-38/(GGGGS)s protein (13.8 kDa) was not apparent. Expression of PDI

(57kDa) demonstrated approximate equal loading. Data are presented of one experiment.
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4.2.4 Expression of PLB-N325.333-(GGGGS)3 on HEK

Using the HPV E629-38 peptide, the PLB construct with a (GGGGS)s linker had been
successfully introduced into the exon 1 B2M locus. However, the PLB-E629-3s-
(GGGGS)s protein was apparently not synthesized by gene-edited cells, in contrast to
when introduced as an independent sequence expressed in a plasmid format (Figure
3.13). Both plasmid and gene-edited formats of PLB- E629-38-(GGGGS)3 resulted in
reduced MHC-I cell surface expression (Figure 3.12 and 4.9). In this section, | chose
to evaluate the use of PLB Naszs-333 of SARS-CoV-2 peptide and the (GGGGS)s linker,

which demonstrated a high-level of expression and rescue of MHC-I (Figure 3.13).

Firstly, N325-333-(GGGGS)3 sequence was knocked-in into B2M.exonl of HEK cells by
co-transfection of Cas9 RNP of sgRNA.B2M.1.3 and Megamer-Ns25.333-(GGGGS)3
using the Amaxa Nucleofector system. Genomic DNAs were extracted from one day
post-transfected cells and used for preparing amplicons for the T7El assay by
F1.B2M.exonl and R1.B2M.exonl primers. Electrophoresis analysis demonstrated
that only samples which were transfected with both Cas9 RNP and PLB donor
template had both amplicons of wt B2M locus (762 bp) and the HDR band (834bp)
containing the B2M gene with the inserted Naszs333 peptide and (GGGGS)s linker

sequences (Figure 4.11).
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Figure 4.11. HDR results of PLB- Na25.333-(GGGGS)s insertion in HEK cells

Megamer-Nz325-333-(GGGGS)s donor templates and RNP.B2M-1.3 were co-transfected into
HEK cells by electroporation. At one day post-transfection, PCR amplicons of transfected
cell-derived genomic DNA were used to check HDR efficiency by PCR. The size of wt
B2M and HDR amplicons were 762 and 834 bp, respectively. Data are presented of one

experiment.

Monoclonal HEK-Ns25-333-(GGGGS)s clones were isolated as previously described and
partly harvested for extraction of genomic DNA. Clones were screened for PLB
specific amplicons. 5 in 25 (20%) screened cell clones exhibited amplicons correlating
to the insertion of the Ns2s-333-(GGGGS)s sequence within B2M (Figure 4.12A).
Amongst the clones, 4 were potentially heterozygous for the HDR gene-edited HEK-
N325-333-(GGGGS)3 sequence i.e., B2, -C6, -B4, and -A5 (lane 4, 8, 14 and 15). Only
HEK-N325-333-(GGGGS)s clone D3 (lane 3) was potentially a homozygous HDR clone
with Ns25.333-(GGGGS)3 sequence inserted into both B2M copies. The PCR product of
exon 1 of the B2M locus of HEK-N32s5-333/(GGGGS)3-D3 clone was sequenced using

the F1.B2M.exonl primer. Sanger sequencing (Figure 4.12B) revealed that the
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sequence of exon 1 B2M locus of HEK-Nz25333/(GGGGS)3-D3 had indeed the
introduced Megamer-Nas25-333-(GGGGS)s sequence without any additional indel
mutations. Therefore, the above data suggests that Ns2s-333 peptide and (GGGGS)3
linkage was successfully inserted into the end of exon 1 of both B2M gene copies
within  HEK-N325-333/(GGGGS)3-D3 and was therefore homozygous for the PLB

sequence (Figure 4.12B).
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
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Figure 4.12. Single-cell isolation for monoclonal HEK-N35.333/(GGGGS)s clones from

polyclonal gene-edited populations.

(A) Monoclonal gene-edited cells were isolated using serial dilution of polyclonal
populations followed by DNA extraction for PCR with F1.B2M.exonl and R1.B2M.exonl
primers. Wild-type and HDR bands have the length of about 772 bp and 834 bp,
respectively. Electrophoresis analysis of PCR screening was used to identify HEK clones
containing the HDR of Nz25.333/(GGGGS)s. (B) Insertion of N325.333 SARS-CoV-2 peptide
and GGGGSs linker was confirmed by Sanger sequencing of B2M.exonl in HEK-Nszs.

333/(GGGGS)s clone D3. Data are presented of one experiment.
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To evaluate expression of surface MHC-I by gene-edited cells, equal numbers of each
HEK-N325.333-(GGGGS)3 clones were analysed by flow-cytometry using W6/32, BB7,1
(anti- HLA-B*07:02) and BB7.2 antibodies [342, 350]. HEK and HEK.B2M.KO were
used as positive and negative controls for expression of surface MHC-I. Before
antibody staining, un-transfected and gene-edited clones were incubated with IFN-
v (400 1U/ml) for 3 days to enhance MHC-I expression. Flow-cytometry data of each
sample stained by each antibody were compared to control HEK samples using
ordinary one-way ANOVA (Prism) (Appendix 4, Supplementary Data 8, 9 and 10).
Flow cytometric analysis (Figure 4.13) revealed that W6/32- and BB7.1 reactive HLA
types were expressed at lower levels by all HEK-N325-333-(GGGGS)3 cells compared
to wild type HEK cells. While HLA-A2 expression levels of heterozygous HDR HEK-
N325-333/(GGGGS)s3 clone B2, C6 and A5 (MFI:15222 + 876, 16124 + 499, 15441 + 58)
were not significantly different when compared with WT HEK cells (MFI:17322 + 414),
those of the homozygous HDR HEK-N325-333/(GGGGS)s clone D3 (MFI: 12345 + 1104)
and heterozygous HDR HEK-N325.333/(GGGGS)3 clone B4 (MFI: 2939 + 58) were
significantly lower than wt HEK (Figure 4.13B). The flow cytometry analysis suggests
that PLB of N325-333/(GGGGS)3 potentially reduces the expression of MHC-I molecules
in general but possibly not the peptide-specific HLA class | complexes. However, this
effect was not observed amongst all monoclonal gene-edited HEK cells. Therefore,

the next stage, involved determining the protein expression of PLB by immunoblotting.
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Figure 4.13. Characterization of surface MHC-I expression on HEK-N325.333-(GGGGS);3

cells.

(A) Cell surface expression of MHC-I (panel A), HLA-B7(Panel B) and HLA-A2 (panel C)
by HEK, B2M-deficient cells and monoclonal HEK-N325.333-(GGGGS)s cells were analyzed
by flow cytometry using W6/32, BB7.1 and BB7.2 antibodies (Top panel). Histogram plots
of cell count versus MFI corresponding to the surface expression of MHC-I, HLA-B7 and
HLA-A2 were presented. (B) Bar charts of the mean MFI data from cell surface
expression of MHC-I on monoclonal HEK-N325-333-(GGGGS)3 cells . The mean MFI is
calculated from triplicated experiments (mean * SEM, n=3). One-way ANOVA with
Turkey’s post-test. ****P<0.001.
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Equal number (108) of each monoclonal HEK-Na325.333-(GGGGS)s cell line were lysed
in 1% NP-40 detergent. Reduced lysates were resolved on 17% SDS-PAGE, followed
by immunoblotting with anti-B2M and anti-GAPDH antibodies (Figure 4.14, bottom
blot) with cell lysates from wild type HEK (lane 1) and HEK.B2M.KO (lane 2) cells used
as positive and negative controls for expression of wild type B2M (11.7 kDa) protein,

respectively (Figure 4.14, top blot).

Cell lysates generated from HEK.B2M.KO cells transfected with pCR3.1-N325.333—
(GGGGS)3-B2M were used as a positive control for expression of PLB-N325.333—
(GGGGS)s3 (13.6 kDa, lane 9) (previously described in section 3.3.5). Immunoblotting
revealed the expression a band of ~11.7 kDa in size in all five monoclonal HEK- Ns2s-
333—(GGGGS)s cells (lane 3-7), suggesting only wt B2M protein was being expressed

and not the PLB protein.
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Figure 4.14. Immunoblotting of B2M protein on HEK-Nz25.333/(GGGGS)s cells.

HEK, HEK.B2M.KO and HEK-Nz325-333/(GGGGS)3 cells were lysed in 1% NP-40 detergent.
Reduced lysates were resolved on 17% SDS-PAGE followed by immunoblotting with anti-
B2M and anti-GAPDH antibodies. Cell lysate of HEK.B2M.KO transfected with pCR3.1-

N325-333—(GGGGS)3-B2M was used as positive control for expression of PLB-N3s25-333—
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(GGGGS)s (lane 8). The expected size of B2M and PLB-Nz325.333/(GGGGS)s proteins are

11.7 and 13.6 kDa, respectively. Data are presented of one experiment.

It would appear that cells can synthesis PLB-Nz25-333—(GGGGS)s when delivered in a
pPLB plasmid format but not as an introduced gene-edited sequence. The PLB
plasmid construct generated the protein of correct size, so the lack of PLB expression
was unlikely to be a post-translational event. The main difference in approaches were
— the plasmid was introducing the PLB as a non-B2M integrated sequence, while gene
editing was introducing the sequence into the B2M gene. Therefore, it was possible
that the introduction of additional sequences within the B2M locus close to the exon-
intron boundary could affect transcriptional processing. Therefore, | examined the
sequence and identified potential sequences which could interfere with intron/exon

processing.

Based on the genomic sequence, intron 1 of the B2M gene has the intron splicing
motifs of GU at the 5’ end and AG at the 3’ end (top image, Figure 4.15). GU motifs
were also detected in the sequence of the Ns2s-333 peptide and (GGGGS)s linker
(bottom image, Figure 4.15) DNA sequences. This preliminary sequence analysis
suggested that insertion of Ns25-333—-(GGGGS)3 was introducing potential GU motifs
into intron 1 of the B2M locus. As a result, the peptide-linker sequences could therefore
be removed as intronic elements to form different mature mRNAs leading to the
translation of WT 2m protein or 2m exhibiting various sizes but not containing the

complete PLB protein sequence as was evidenced in Figure 4.15.
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Figure 4.15. lllustration of intron motif on Na2s.333~(GGGGS)s.

Top image illustrates exons and introns motif in pre-mRNA. The bottom image indicates

the intron motif (red squares) were identified on N325-333—(GGGGS)3 sequence.

To test the above, | initially examined mRNA expression by extracting total mRNAs
used for cDNA synthesis by reverse transcriptase using Oligo(dT) primers.
Synthesised cDNA was then used as templates for PCR using F1.B2M.cDNA and
R1.B2M.cDNA to detect the existence of B2M and PLB cDNA. The expected PCR
amplicon sizes of B2M and PLB-Ns25-333—(GGGGS)s were 281 and 353 bp,
respectively. HEK-derived mRNA was used as positive control for the amplification of
wild-type B2m cDNA (lane 1). The amplification of wild-type B2m cDNA from HEK-
derived mRNA without Reverse transcriptase was used as negative control for the RT
reaction. RT (+) HEK.B2M.KO was used as a negative control of B2M mRNA (lane 2).
pCR3.1- B2M and pCR3.1-N325.333—(GGGGS)3-B2M plasmids were used as PCR
positive controls for B2M and PLB sequences. PCR products from HEK-N325-333—
(GGGGS)s clones D3, B2, C6 and B4 cDNAs (lane 3-6) (Figure 4.16) revealed smear
bands with size ranges of approximately 300-350 bp. The smear bands ranged from
the expected size of PLB-N325-333—(GGGGS)s of approximately 350bp and to that of

B2M of approximately 300bp. These data are strongly indicative that N32s-333 peptide

177



Dinh Dung Nguyen Northumbria University

and (GGGGS)s linker sequences have been potentially removed from the mRNA of
PLB using alternate intronic splice and acceptor sites which were introduced as part

of the PLB sequence.
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Figure 4.16. Detection of PLB mMRNA expressed by gene-edited cells.

Total MRNAs were extracted from HEK, HEK.B2M.KO and HEK- N325.333—(GGGGS)s and
used for cDNA synthesis. cDNA templates were used as templates for PCR with primers
specified for B2M.The expected PCR amplicon sizes of B2M and PLB-N325-333—(GGGGS)3
are 281 and 353 bp, respectively. pCR3.1- B2M and pCR3.1-N325.333—(GGGGS)3-B2M
plasmids were used as a PCR positive control for B2M and PLB. Data are presented of

one experiment.

In summary, the Nas2s-333 peptide and (GGGGS)s linker have been successfully
introduced into exon 1 of the B2M locus of HEK cells using the CRISPR/Cas9 system
and Megamer donor template. By single-cell cloning, 5 monoclonal HEK-N325-333—
(GGGGS)s cells, including 1 homozygous and 4 heterozygous populations were
isolated and expanded. However, due to the potential introduction of intron
acceptor/donor splicing motifs within the Naszs-333 peptide and (GGGGS)s linker, the

MRNA sequences of these components were possibly recognized as an intronic area
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of B2M and therefore cleaved during the intron splicing process. As a result, PLB
proteins were not expressed or expressed as shorter versions without the desired
peptide and linker. Consideration of introducing intron motifs for gene-editing purposes
have not been previously reported to the best of my knowledge, by any previous
publication. While some intron motif sequences within the linker could be easily
replaced, some within the Ns2s.333 peptides were unchangeable due to the risk of
introducing missense mutations. Although | was not able to repeat the experiment with
the Ns2s-333 peptide sequences, the motif removal has been a useful lesson for the

insertion of other peptides.
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4.2.5 Expression of PLB-S269-277-Ge(SGG)3 by HEK cells

In this section, SARS-CoV-2 Sgzeg-277 peptide and Ge(SGG)s linker were the next
candidates for generating PLB molecules by CRSIPR/Cas9 technology. Previously,
PCR3.1-S269-277 plasmids had shown an ability to rescue expression of HLA-A2 heavy
chains (section 3.3.5). Especially, the use of the Ges(SGG)s linker enhanced the
expression of surface HLA-A2 by four times compared to the (GGGGS)s linker. In
addition, the removal of intronic motifs were also considered in this experiment to
overcome the issue with previous peptides and maximize the chance of PLB
synthesis. All intronic motifs within the peptide S2s9-277 and linker Ge(SGG)s sequence
were altered by introducing silent base pair changes; for example GT to GA (Figure

4.17).

Sye0.277 Peptide G4(SGG); linker

Original seq: TAT CTT CAA CCT AGG ACT TTT CTA TTA GGA GGT GGA GGT GGA GGT TCA GGA GGT TCA GGT GGA TCA GGA GGT
Y L Q P R T F L L G G G G G G S G G S G G S G G
Intron-removal seq: TAT CTT CAA CCT AGG ACT TTT CTA TTA GGA GGA GGA GGA GGA GGA TCA GGA GGA TCA GGA GGA TCA GGA GGA

Figure 4.17. Removal of potential intronic splice/acceptor motifs within the Gg(SGG);
linker.

Image illustrates protein sequence of the Gs(SGG)s linker (brown) and S2e9-277 peptide
(green). Nucleotide substitutions (yellow highlighted) were included in the DNA template

sequence of Sz2e69-277- G6(SGG)3 to replace all possible intronic motifs by silent mutations.

Cas9 RNP of sgRNA.B2M.1.3 and Megamer- Sz69-277 -Ge(SGG)3 were co-transfected
into HEK cells using electroporation with the Amaxa Nucleofector system and assayed
for HDR by PCR using F1.B2M.exonl and R1.B2M.exonl primers followed by T7EI
assay. HEK cells co-transfected with the Megamer-N325333-(GGGGS)s and

RNP.B2M.1.3 were used as a positive control for HDR of the PLB. The T7EIl assay
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(top image, Figure 4.18) revealed cleaved bands of 458 and 304 bp could be
generated from HEK cells transfected with Cas9+sgRNA.B2M.1.3 RNP (lane 1, 2, and
3), indicating that Cas9/sgRNA.B2M.1.3 RNP complexes can introduce DSBs and
lead to indel mutations (without donor template) or with the desired insertion (with
donor template). PCR products (top image, Figure 4.18) of 834 bp correlating to the
HDR sequence were observed in HEK transfected with RNP and the donor template
(lane 1 and 2), therefore indicating the sequence of S2e9-277 -Ge(SGG)s has possibly

been inserted into exon 1 of the B2M locus in HEK cells.
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Figure 4.18. Results from the HDR of PLB- Szs9.277-Gs(SGG)s sequence insertion into HEK

cells.
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Megamer- S2e69-277 -Gs(SGG)3 and RNP.B2M-1.3 were co-transfected into HEK cells. At
one day post-transfection, PCR amplicons of transfected cell-derived genomic DNA were
used to determine HDR efficiency (bottom gel) and T7EIl assay (top gel). The sizes of
the wt B2M and HDR amplicon were 762 and 834 bp, respectively. Data are presented

of one experiment.

Single cell clones were selected, and genomic DNA was extracted. Clones were
screened for DNA template insertion using PCR screening with F1.B2M.exonl and
R1.B2M.exonl primers. 4 in 58 (6.7%) screened cell clones potentially contained the
S269-277/G6(SGG)3 sequence inserted within the B2M genomic sequence (data not
shown). PCR screening revealed products from 3 HEK-S269-277 -Ge(SGG)3 clones -
3D1, 2B1, and 2C6 which contained the PLB-like bands (834 bp) and wt B2M-like
band (762 bp) (Figure 4.19). The HEK-S269-277 -G6(SGG)3-3A5 clone exhibited an
upper band of higher than the expected Mw of the PLB at around 900 bp. Therefore,
all 4 HEK-S269-277 -Gs(SGG)3 clones were heterozygous for B2M but only HEK-S269-277
-Ge(SGG)s -1D3, 2B1, and 2C6 clones possibly contained the desired HDR

modifications.

900bp = . . —
800bp s ' = = -y

Ladder 1D3 2B1 2C6 3A5 Hek PC NC
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Figure 4.19. Single-cell HEK-S690.277-G6(SGG)3 clones assessed for HDR insertion of
S269-277-G6(SGG)3 sequence.

Monoclonal gene-edited cells were isolated using serial dilution of polyclonal populations
followed by DNA extraction for PCR with F1.B2M.exonl and R1.B2M.exonl primers.
Wild-type and HDR bands have the length of 772 bp and 834 bp, respectively.
Electrophoresis analysis of PCR screening used to identify HEK clones containing the
HDR of s269-277-G6(SGG)3. HEK-S269-277-G6(SGG): samples were used as negative and
positive controls for HDR of PLB. Data are presented of one experiment.

To evaluate expression of surface MHC-I on gene-edited cells, equal cell numbers of
HEK-S269-277-G6(SGG)3 clones were analysed by flow-cytometry using W6/32, BB7.1
and BB7.2 antibodies. HEK and HEK.B2M.KO was used as positive and negative
control for expression of surface MHC-I followed by incubation with IFN-y (400 1U/mL)
for 3 days to enhance expression of MHC-I. Flow-cytometry data of each sample
stained by each antibody were compared to control HEK samples using ordinary one-
way ANOVA (Prism) (Appendix 4, Supplementary Data 11, 12 and 13). Flow
cytometric analysis (Figure 4.20) revealed that clones 2C6 and 1D3 expressed
comparable levels of MHC-I by WT HEK cells as determined by W6/32 staining.
However, HEK-S269-277-G6(SGG)3-3A5 clone expressed significantly lower levels than
that of wild type HEK cells. However, compared to wt HEK cells, HEK-S269-277-
Gs(SGG)3-1D3 clone expressed significantly higher MFI of MHC-I, HLA-B7 and HLA-
A2. While HEK-S269-277-G6(SGG)3-2B1 had the lower expression level of MHC-I in
general as detected by W6/32, that of HLA-A2 and HLA-B7 were not significantly
different compared to WT HEK cells. It is possible that the PLB protein HEK-S269-277-
Gs(SGG)3-2B1 may not affect expression of HLA-A2 and HLA-B7 but can affect other

MHC-I molecules expressed by HEK cells. In contrast, HEK-S269-277-G6(SGG)3-2C6
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had the higher expression level of HLA-A2 in general but that of MHC-I and HLA-B7
were not significantly different compared to WT HEK cells, suggesting that the PLB
proteins of HEK-S269-277-G6(SGG)3-2B1 may maintain the expression of MHC-I and
enhance expression of HLA-A2. In summary, flow cytometric analysis revealed that
different HEK-S269-277-G6(SGG)3 clones had different impacts on surface expression
of HLA class |. Therefore, investigation of protein production was required to

understand what form of PLB has been synthesised by gene-edited cells.
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Figure 4.20. Flow-cytometry analysis of MHC-I expression by HEK-Sys9.277-G6(SGG)3

cells.

(A) The flow cytometry histograms of surface MHC-I, HLA-B7 and HLA-A2 expression by
HEK, B2M-deficient HEK and monoclonal HEK-S269-277-Gs(SGG)3s cells. Surface MHC-I,
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HLA-B7 and HLA-A2 expression was determined by flow cytometry using W6/32, BB7.1
and BB7.2 antibodies, respectively. (B) The bar charts indicate the Mean Fluorescence
Intensities (MFI) of MHC-I expression. One-way ANOVA with Turkey’'s post-test.
****P<(0,001. The means of MFI were calculated from triplicate data (mean = SEM, n=3).

To examine the expression of B2M and PLB proteins by HEK-S269-277-G6(SGG)3
clones, equal numbers (10°) of cells were lysed in 1% NP-40 detergent. Furthermore,
the culture supernatant was also collected to determine the presence of free B2M
proteins, which could be released from the recycling of MHC-I at the plasma
membrane [351]. The detection of cell-free B2M could indicate the effective
transportation of MHC-I containing wt B2M as well as PLB from ER to cell membrane.
Reduced lysates and supernatant were resolved on 17% SDS-PAGE followed by
immunoblotting with anti-B2M and anti-GAPDH antibodies (Figure 4.21). HEK (lane 1
and 8) and HEK.B2M.KO cell lysates (lane 2 and 9) were used as positive and
negative controls for B2M expression. Cell lysates generated from HEK.B2M.KO
transfected with pCR3.1- S269-277-G6(SGG)3-B2M was used as a positive control for
expression of PLB- S269-277-G6(SGG)3 with the size of 13.6 kDa (lane 7) (previously

described in section 3.3.5).

Immunoblotting revealed that there were no B2M or PLB bands detected in both cell
lysate and growth medium of HEK-S269-277-G6(SGG)-3A5 cells (lane 6 and 13,
respectively). Only B2M-like protein band was observed in cell lysates of HEK-S2eo-
277-G6(SGG)-2C6 clone (lane 5) and only PLB-like protein band were detected In both
cell lysate and growth medium of HEK-S269-277-G6(SGG)3-2B1 suggesting that PLB-
S269-277-G6(SGG)s was being synthesised and binding to cell surface MHC-I

complexes. Both B2M- and PLB- like bands were observed in both cell lysate and
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growth medium of HEK-S269-277-Ge(SGG)3-1D3 (lane 3 and 10, respectively),
indicating that the B2M alleles of HEK-S269-277-G6(SGG)3-1D3 was able to synthesis
the functional light chains which can form the complex with MHC-1 and be transported

to the cell surface.
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Figure 4.21. Immunoblotting of B2M in HEK- Sz69.277-G6(SGG)s clonal cell populations.

Cell growth medium and cell lysates in 1% NP-40 detergent were collected from
monoclonal HEK-S269-277-Gs(SGG)3 cells and resolved by 17% SDS-PAGE. Separated
proteins were immunoblotted with anti-B2M and anti-GAPDH antibodies. HEK and
HEK.B2M.KO cell lysates were used as positive and negative controls for B2M protein
expression. Cell lysates of HEK.B2M.KO cells transfected with pCR3.1-N325.333—
(GGGGS)3-B2M was used as a positive control for PLB expression. The expected size of
B2M and PLB- S269-277-Gs(SGG)s proteins were 11.7 and 13.6 kDa, respectively. Data

are presented of one experiment.
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In summary, the Sze9-277 peptide and Ge(SGG)s linker were re-designed to remove all
intronic motifs and have been successfully introduced into exon 1 of the B2M locus of
HEK cells using the CRISPR/Cas9 system and a Megamer donor template. By single-
cell cloning, 4 monoclonal B2M heterozygous HEK- S269-277-Gs(SGG)3 cells have been
isolated and expanded. While HEK- S2e9-277-G6(SGG)3-3A5 cells did not synthesis
either PLB or B2M protein which led to the absence of surface MHC-I, HEK- S269-277-
Gs(SGG)3-3A5 only expressed B2M-like protein but not the PLB. Among 4 monoclonal
cell lines, HEK- S269-277-Gs(SGG)3 clones 1D3 and 2B1 have shown to produce PLB-
like proteins which can bind to HLA class | and form MHC-I- peptide complexes as
implied by W6/32 and BB7.2 antibody staining. Flow cytometry analysis and
immunoblotting on cell growth medium, suggests that the MHC-I molecules were able

to be appear at the cell surface on HEK- S269-277-Gs(SGG)3 -1D3 and -2B1 cells.
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4.2.6 Evaluate off-target effects on gene-edited cell lines

CRISPR-mediated gene editing technology can introduce undesirable off-target
mutations at genome regions which have high level of homology to the targeted
sequence [352]. Therefore, deep sequencing was applied to evaluate the off-target
effects caused by the Cas9 RNP of sgRNA.B2M.1.3 for safety concerns. Firstly,
potential off-target sequences were predicted using COSMID, an online software tool
for identifying and validating CRISPR Off-target regions [353]. The criteria for
identifying off-target sites included: (i) screening on whole human genomes; (ii)
containing maximum of 3 mismatch and 1 indel mutation; (iii) <2.5 in score of off-target
sites for the input target sites. Lower ranking scores of off-target sites indicated the
more likely off-target sites. Following the above criteria, | identified 1 on-target site
(OT.sgB2M1.3_1) and 2 potential off-target sites (OT.sgB2M1.3 2 and
OT.sgB2M1.3_3) (Table 4.1). While the OT.sgB2M1.3_1 is the targeted site of B2M,
OT.sgB2M1.3 2 and OT.sgB2M1.3_3 are intergenic regions located on chromosome

13 and chromosome 20, respectively.

Table 4.1. On-target and Off-target sites for RNP of Cas9 protein and sgRNA.B2M.1.3.

Off-target regions of sgRNA.B2M.1.3 were predicted by COSMID software. Mismatch or
indel mutations are highlighted in yellow. Query type indicates the type and number of
changes examined. Off-target ranking scores are based on the number and location of

base mismatches.

OT.sgB2M1.3_1 ACTCACGCTGGATAGCCTCCAGG -- hit No 0 Chr15:44711597- - 0
ACTCACGCTGGATAGCCTCCNGG -- query indel 44711619

OT.sgB2M1.3_2 ACTCACCCTGGTAGCCTCCAGG -- hit Del 9 1 Chr13:53068362- - 1.54
ACTCACGCTGGTAGCCTCCNGG -- query 53068383

OT.sgB2M1.3_2 ACTCACTGCTGGACAGCCTCCTGG -- hit Ins 14 1 Chr20:22332541- + 2.03
ACTCACNGCTGGATAGCCTCCNGG -- query 22332564
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Primers for NGS were designed to produce short PCR amplicons with sizes of 200 to
250 bp (Appendix 5). Genomic DNA of wt HEK cells and polyclonal gene-edited HEK
cells, which were transfected with RNP of Cas9 protein and sgRNA.B2M.1.3, were
extracted and used as the template for preparing the initial PCR amplicons. With ~280
times higher fidelity amplification than Taq polymerase, Q5 DNA Polymerase (NEB)
was used to minimize the error rate during the process of amplification. After
generating libraries with unique bar codes for each sample, PCR products were

subsequently sequenced on the llumina Miseq at 100,000 reads per sample.

Off-target effects were evaluated based on the comparison between NGS sequencing
data and reference genome sequences. The percentage of variants or indel mutations
were analyzed using re-alignment programs Geneious using the following criteria: (i)
identifying variants within the entire range covered by the sequencing reads; (ii)
eliminating variants with low frequency (<0.5%). Off-target analysis (Figure 4.22)
indicates that on-target sites contained nearly 30% indel mutations generated during
DSB repair following the NHEJ pathway. More importantly, the percentage indels
detected in 2 off-target regions of gene-edited cells were very low at 0.1% for
OT.sgB2M1.3 2 and 0.3% for OT.sgB2M1.3 3. These percentages and types of
variants were identical to that of untreated HEK cells. Therefore, off-target analysis
indicated that indels were not detected in two screened off-target loci of

sgRNA.B2M.1.3.
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Figure 4.22. On- and Off-target analysis of HEK cells treated with Cas9 RNP with

SsgRNA.B2M.1.3.

Indel frequencies for on-target and potential off-targeted sequences identified by Miseq

deep-sequencing in untreated HEK cells (n=2) and CRISPR/Cas9-treated HEK cells

(n=2).
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4.3 Discussion

In this chapter, | have developed an efficient CRISPR/Cas9-mediated system that
precisely inserts the peptide and linker into the human B2M locus. The modification
facilitates the production of Peptide-linked B2M (PLB) molecules which rescue the
expression of peptide-specific HLA class | at the cell surface. The MHC complexes of
PLB and peptide-specific HLA are expected to present desired peptides for inducing

recognition by CTLs.

The E620-38 peptide was previously described to be restricted by HLA-A*02:01 and
reported to be the endogenously processed T-cell epitope of HPV 16 EG6 protein [338].
Therefore, | used the glycine rich (GGGGS)s sequence to link the HLA-A2 restricted
HPV 16 EG6 epitope (E629-38) to human B2M to test its assembly with HLA class | heavy
chain. Although the E629-3s peptide and (GGGGS)s linker were successfully knocked-
into exon 1 of B2M, there was no PLB expression detected in monoclonal HEK- E629-

38-(GGGGS)s, therefore resulting in the absence of cell surface MHC-I.

The experiment was repeated using SARS-CoV-2 Ns2s-333 peptide which has shown to
rescue HLA-A2 expression in B2M-deficient HEK cells transfected with the pCR3.1-
N325-333—(GGGGS)3-B2M plasmid. The expression of both peptide specific and non-
specific HLA class | binding molecules were detected at different levels in 5
monoclonal Hek-Nsz25-333—(GGGGS)s cells. Immunoblotting showed that cell lysates of
all Hek-Ns25.333—-(GGGGS)3 clones only contained B2M-like proteins but not PLB
molecules. | hypothesized that the peptide and linker sequences were potentially
cleaved from PLB mRNA before translation. The smear bands detected by B2M PCR
products of RNA isolated from clones confirmed several PLB mRNA species existed

in Hek-Na325-333—(GGGGS)s clones. The mRNA variants can be explained by the impact
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of the intronic removal process which were cleaved at conserved sequences during
the intron-exon splicing process. Indeed, five dinucleotide GUs, with common intronic
motifs at the 5’ end within the Nas2s.333 peptide and (GGGGS)s linker were identified.
These newly inserted GUs sequences could become the location where intronic
removal begins, and end with AG at it 3’ end. The different number of GU sequences
could therefore produce heterogenous mRNA populations. Depending on the location
of GU maotifs, these could be removed by merely changing the codon usage, however
if located within the peptide sequence and depending on the sequence, it may not be
possible to alter the nucleotides to erase these motif sequences without changing
amino acid sequences. Without appropriate T cells, we could not assess how potential
peptide changes could impact on T cell recognition. However, this was the very first
study investigating the impact of intron removal during pre-mRNA splicing on CRISPR-

mediated nucleotide modifications.

Previously | demonstrated that transfection of pCR3.1-S269-277-Gs(SGG)3-B2M plasmid
could enhance the expression of HLA-A2 on the cell surface of B2M-deficient HEK
cells at much higher levels compared to other PLB plasmids. Additionally, using the
NETMHCpan algorithm prediction tool, Sze9-277 peptide was postulated to strongly bind
to HLA-A2 compared to a set of random natural peptides. To-date, SARS-CoV-2 Spike
S2e9-277 appears to be the most immunodominant SARS-CoV-2 epitope found in
individuals bearing the HLA-A*02:01 allele [354]. Therefore, S2ee-277 peptide was
chosen as the next candidate to test the HDR of PLB in HEK cells. To maximize
expression of HLA-A2, the Gs(SGG)slinker was used. Furthermore, the intronic motifs
within the S2e9-277-G6(SGG)3 donor template sequence was replaced by silent

mutations. The Szeg-277 peptide and Gs(SGG)s linker were successfully knocked-in at
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the target region by co-transfection of Cas9 RNP and donor template. Screening PCR
(Figure 4.19) and immunoblotting (Figure 4.21) indicated that monoclonal Hek-S2eo-
277-G6(SGG)s -1D3 cells potentially carry both the wild-type B2M allele and PLB-
inserted B2M allele corresponding for B2M-like and PLB-like products, respectively.
These proteins were also detected in the supernatant, suggesting they can form the
complexes with HLA class I followed by transport to the cell surface and release during
endocytic recycling of MHC-I molecules [355]. Both B2M-like and PLB-like proteins
have enhanced expression of both HLA-B7, HLA-A2 and other MHC-I molecules.
Immunoprecipitation experiments can be considered for future work to compare the
interactions of B2M and PLB molecules with MHC-I complexes and remaining antigen

processing complexes.

In contrast to Hek-S269-277-Gs(SGG)3 -1D3 clone, Hek-S269-277-Gs(SGG)3 -2B1 only
expressed PLB-like molecules, suggesting one B2M allele were repaired following
HDR pathway leading to PLB insertion, and the other repaired following NHEJ
pathway which are potentially leading to the absence of wt B2M caused by gene
knock-out (Figure 4.21). Although the Hek-S269-277-G6(SGG)3 -1D3 cell line has low
surface expression levels of MHC-I, that of HLA-A2 was significantly higher than wt
HEK cells. These observations suggest PLB molecules can selectively bind to peptide-
specified HLA-I heavy chain only. Peptidome analysis can be considered for future
work to investigate and compare the peptide spectrum between normal and gene-
edited HEK cells. Furthermore, the function of PLB molecules should be evaluated via

the recognition of peptide-specific CTL clones.

Stable expression of PLB molecules is a promising approach in loading specific

antigen onto MHC molecules of APCs such as DC cells which can be used as cellular
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therapies for infectious diseases, cancer or even autoimmune diseases. While
conventional DCs (cDCs) present processed antigen by MHC-I to naive CTLs and
contribute to the maturation of CTLs, tolerogenic DC (tolDC) have recently been
demonstrated to actively silence autoreactive T cells and reinstate immune tolerance
[356, 357]. The MHC-I antigens expressed by both cDCs and tolDCs, have crucial
roles in directing the action of CTLs. The current approaches for loading target antigen
involve co-culturing peripheral blood-derived DCs with tumor lysates or synthetic
peptides in combination with adjuvants before reinjecting into the same patient [358-
360]. However, these above methods may face certain difficulties. In the case of tumor
lysis, the peptides presented by DCs after exposing to tumor lysate may not always
be tumour associated antigens or could be non-specific antigens which can affect the
stimulation of CTLs. On the other hand, while the portion of empty MHC-I complexes,
which normally reside in the ER in a peptide-receptive state by tapasin, are very low
at the cell surface [54], synthetic peptides must compete with endogenous peptides to
be loaded. Therefore, the PLB methodology can enhance the possibility of generating
stable expression of the predesigned specific peptide and formation of MHC | class
with antigens against pathogens and tumours for CTLs or autoantigens which help

regulatory T cells induce antigen-specific tolerance.

Effective therapeutics requires the understanding of safety profiles of genome editing
systems. One of the concerns that nuclease systems such as CRISPR/Cas9 bring, is
its specificity. During the cellular repair process of DSBs, undesirable off-target editing
can cause local mutations, genomic rearrangement or large deletions [361]. In this
study, potential off-target sites were identified using computational prediction tools and

surveyed by amplicon deep sequencing from polyclonal gene-edited cells. Off-target
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analysis results indicated that indels were also not detected in two screened off-target
loci of sgRNA.B2M.1.3 which were used for all HDR experiments for insertion of the
PLB. Karyotyping or Chromosomal microarray analysis (CMA) can be considered for
future work to detect large mutations, microdeletions or duplications. Furthermore,
Whole Genome Sequencing (WGS) would be necessary to reveal all off-target
mutations caused by CRISPR/Cas9 system at the stage of clinical trials and/or

application.

In summary, this is the first study reported using the CRISPR/Cas9 system for the
generation of PLB proteins which are stably expressed in vivo and provide pathogenic
peptides to MHC-I complexes. My system, consisted of a Cas9 RNP and donor
template, which precisely modifies the human B2M locus to successfully facilitate
insertion of desired peptides and linker into the target region. | identified the
introduction of inadvertent intronic motifs as an interruption factor of protein expression
in large insertions of gene sequences which can be overcome by introducing silent
mutations to remove these nucleotide motifs. For future work, the function of PLB
needs to be evaluated by measuring CTL responses against these molecules. The
stable expression of PLB protein holds promise for cellular therapy of cancer,

infectious and autoimmune diseases.
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CHAPTER 5

MODIFICATION OF THE HLA-B27 GENE BY

CRISPR TECHNOLOGY
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Chapter 5 Modification of the HLA-B27 gene by CRISPR technology

5.1 Chapter aims & objectives

Several observations suggest that specific residues participate in the misfolding of
HLA-B27 HC, whether it is the formation of HC-dimers or misfolding of the monomeric
protein. Therefore, with the advent of gene editing, it is possible that making subtle
changes to the HLA-B27 HC sequence could alleviate protein misfolding and possibly
act as a therapeutic intervention strategy. Therefore, the above unanswered questions
allowed me to think about changing the amino acid sequence of HLA-B*27:05 to create
models for potential AS treatment. Therefore, my goal was to use the CRISPR/Cas9
gene-editing tool to introduce nucleotide changes to the HLA-B27 sequence. These
changes included cysteine at p67 to serine (C67S) and aspartic acid at pl11l6 to
histidine (D116H). By targeting C67, it was anticipated that this could potentially
reduce the ability of HLA-B27 to dimerise. As the 09 subtype is not associated with
disease, supposedly due to the structural difference compared with 05 within the
binding groove region and as peptide presentation was largely overlapping with 05
[362] , | decided to also target D116. In addition, the disulfide bridge between Cys101
and Cys164 is important in the folding of MHC-I molecules, therefore, a C101S mutant
will be generated using CRISPR/Cas as a control to assess general misfolding of HLA-

B27 [130].
To achieve the aim, several objectives were established, including:

1. AS patients would only express 1-2 HLA-B27 alleles. Therefore, | wanted to
generate cell lines expressing 1-2 copies of the mutated HLA-B27 alleles to

assess their biochemical characteristics as a reference to HLA-B27
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molecules that were targeted by CRISPR. | wanted to generate
pFRT/B27:05 plasmids containing C67S, C101S and D116H which could
be integrated into a HeLa cell line that would express 1-2 copies of the
mutated molecules using the Invitrogen Flip-in system.

2. Targeting MHC alleles with a view of changing single amino acids has yet
to be achieved using CRISPR/Cas. Therefore, | needed to design and
optimize CRISPR/Cas9 systems targeting the endogenous HLA-B*27:05
allele at p67, 101 and 116.

3. To assess the expression and biochemical impact of the above edited HLA-
B27 molecules, | needed to generate cell lines stably expressing B27
molecules containing the different variants generated by CRISPR/Cas9
gene editing. The cell lines would then be subjected to flow cytometric
analysis to determine cell surface expression and immunoblotting to

examine any potential biochemical changes.
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5.2 Results

5.2.1 Generation of HLA-B27 mutants C67S, D116H and C101S by Site Directed
Mutagenesis

One of the strategies | want to use for therapeutic interventions was to quickly assess
successful editing. Therefore, Restriction Fragment Length Polymorphism (RFLP) was
employed as part of mutagenesis approach to ensure the choice of changes (C67S,
D116H and C101S) could be employed in the gene editing approach without any
adverse effects on HLA-B27. Besides introducing the amino acid substitution at pC67,
C101 and D116, | inserted two or three silent mutations into the HLA-B*27:05
sequence for each position. Silent mutations were expected to introduce a restriction
enzyme site without affecting the amino acid residue. Using web based Watcut silent
mutation analysis (http://watcut.uwaterloo.ca/), | found the appropriate nucleotide

substitutions which could introduce cleavage sites for the following restriction enzymes

EcoRV, BamHI and Nsil for C67S, C101S and D116H, respectively (Figure 5.1).

Amino acid Primer-Template Duplex 1 Primer-Template Duplex 2
change
67.C>S ¢ 1 _C
FEEEErrrrrrerr et Frerrrrrrerrrrererrrerer t  brrrr e
3'-ccctctgtgtctagtegttecggtteegt-5* 3'-cataaccctggccctctgtgtctatagattcececggttecegtg-5t
s I s
5'-gggagacacagatcagcaaggccaaggca-3" 5'-gtattgggaccgggagacacagatatctaaggecaaggecac-3"'
PEEEEErrrrrrrr e FLEEEr e b
EcorV
101.C>S c ¥ 6 C
FErrrrrrererrrrrrrrr reerrerrred fFerrrrrerrererrrrrrrr ee b rerrrrrrrerd
3'-ggaggtcttatacataccgaggetgcaceceg-5" 3'-agtgtgggaggtcttatacatgcctaggctgecaccecegg-5"
s Y G S
5'-cctccagaatatgtatggetccgacgtgggge-3"! 5'-tcacaccctceccagaatatgtacggatccgacgtggggee-3"
[ et FEerrrrrrrerrr e er o rerrrr e
BamHI
116.D>H D D A
PEETTEREErrr rrrrrrrerred FEEErrrrrrerer e rrerrerrerrrrl
3'-cccatggtggtcgtgeggatgetge-57 3'-cgcccatggtggtcgtacgtatgetgecgttect-5°
H H A
5'-gggtaccaccagcacgcctacgacg-3"' 5'-gcgggtaccaccagcatgcatacgacggcaagga-3"
FEEEEErrrrrr e FEEEEETrrrrr et el
Nsil
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Figure 5.1. Nucleotide substitutions introducing the desired amino acid changes and
restriction enzyme sites within the HLA-B*27:05 sequence.

The HLA-B*27:05 nucleotide sequences are highlighted in green. Desired variants were
introduced into HLA-B*27:05 by Quikchange SDM methodology using two sets of
complementary overlapping primers (highlighted in yellow): Primer-Template Duplex 1
for amino acid substitutions and Primer-Template Duplex 2 for both amino acid
substitutions and silent mutations to create restriction enzyme sites for RFLP analysis.
Combination of nucleotide substitutions introduced by Primer-Template Duplex 2 can

generate a new restriction enzyme site into the HLA-B*27:05 sequence.

The aim of this section was to generate cell lines containing different HLA-B*27:05
variants using the Invitrogen Flip-in technology (https://www.thermofisher.com/). | was
provided with the Flip-In-HeLa cells (HeLa-H2Z) expressing 2 Flp Recombination
Target (FRT) sites [363] and the pcDNA™5/B27/FRT/V5 (Figure 5.2A) which was
previously generated by Dr Darren Nesbeth, UCL. The FRT site sequence (5'-
GAAGTTCCTATTCtctagaaaGtATAGGAACTTC-3’) allows integration and expression
of the gene of interest (GOI) in mammalian cells. PCDNA™5/B27/FRT/V5 plasmid was
constructed from a pcDNA™5/FRT expression vector (Appendix 3, supplementary
data 1B) with a carboxy-terminally V5-tagged HLA-B27. Expression of HLA-B27 was
controlled by the human CMV promoter. pcDNA™5/B27/FRT/V5 plasmid also
contains the hygromycin B resistance gene and a FRT site. V5 is a short peptide tag
which was fused to the C’ terminus of HLA-B27 and used for detection of this heavy
chain protein. | then introduced nucleotide substitutions into pcDNA™5/B27/FRT/V5

using Quik-change Site-Directed Mutagenesis (SDM) methodology.

Prior to performing SDM, primer pairs F4-B27 and R4’-B27, were designed to amplify
the entire HLA-B27 cDNA sequence from the pcDNA™5/B27/FRT/V5 plasmid. PCR

using F4-B27 and R4’-B27 primers was optimized by gradient PCR, which amplified a
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single amplicon (913 bp) of the desired size at annealing temperatures between 60°C
and 62.5°C (Figure 5.2B). Therefore, F4-B27 and R4’-B27 primers were used for later

experiments with pcDNA™5/B27/FRT/V5 with annealing temperature of 61°C.

A B
[
M 65 64 625 60 57 i 55 53.2 52(°C)
F4-B27 -~ Y,
— ol— . B
1000 bp
oV promerer | vcs NSRS EVEE) :! ."...-P‘
— . g s 1 ] Rad ‘e T 9
R4’-B27 = ,’
pcDNA™5/B27/FRT/V5 -5 J% 3
" = o x .

Figure 5.2. Specific primers for amplifying cDNA of B27 from the pcDNA™5/B27/FRT/V5
plasmid.

(A) Graphic illustration of pcDNA™5/B27/FRT/V5 plasmid and primer pairs amplifying
B27 cDNA. F4-B27 and R4’-B27 primers amplified from nucleotide position 549 within
the CMV region and nucleotide position 21 within the V5 sequence. The amplicon has a
length of 914 bp and covers the whole cDNA sequence of B27. (B) Agarose gel
electrophoresis image for the gradient PCR of B27 cDNA. B27 cDNA were amplified using
F4-B27 and R4’-B27 primers at different annealing temperatures. PCR bands at 60°C
and 62.5°C were observed to be the two lowest annealing temperatures providing an
amplicon with correct size (913 bp) and without non-specific bands. Data are presented

of one experiment.

The B27 plasmid with different variants were generated using the Quikchange site-
directed mutagenesis protocol. Two clones of each mutated plasmid were isolated and
expanded for DNA extraction. The pcDNA™5/B27/FRT/V5 plasmids containing
desired variants were sequenced using the F4-B27 primer by Sanger sequencing
(Sequencing Service Dundee University). Sequencing results showed that

pcDNA™5/B27/FRT/V5 had no additional nucleotide substitutions and that HLA-
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B*27:05 cDNA sequence contained the desired single- or multiple- substitutions
(Figure 5.3A). Plasmids with single-nucleotide substitutions were named
pPcDNA™5/B27/FRT/V5-C67S, pcDNA™5/B27/FRT/V5-C101S and
pcDNA™5/B27/FRT/V5-D116H. Plasmids with multiple-nucleotide substitutions were

provided with the same name and asterix pcDNA™5/B27/FRT/V5-C67S*,
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A B
EcorV BamHI Nsil
aab7 aal01l aallé 1 2 3 4 5 6 7 8 9 Ladder
 r e mm ATG TAT n:'-’_:.w;"_' GG TAC AC CAG GAC GCC TA GAC . —
'"T"‘ ; "i c ;( A ";(' M Y G C D V G Y H Q@ D A Y D . —
X BlA oo & 6 66cT0C6ACCTG666 66ACG 6 B —N ~~»4~!— 900 bp
Wild-type . . : | - — e = 600 bp
: N A A A A VY L ‘ . — 400 bp
mu/\'“‘[\‘]\)\’./\ /\J\/\J\V\’/\j\/\/\/\ :"w“‘l/\/\J/\.!"‘Ar‘. i — - .— 200 bp
A CAG ATC AGE ARG GEC ARG ATG TAT GGC [l GAC GTG GGG TAC CAC CAG CAC GCC TAC GAC : -
T Q I S K A K M Y G S D V G Y H Q H A Y D -
by . e " 6 66 GACGTGG6G6 6 6 6 Lane Aminoacid Noofbase IntroducedREs Size of cleaved
Single ‘ \ change changed site band (bp)
il | vl ‘ M A ) ’M\ ™ 1 C67s 1 None None
| A AV \\/
'L‘:[,\Aj(l}\; | 9800 )9 /\|‘ 2 C67S* 3 EcorV 474 + 439
4 C101S 1 None None
ACA C T AAG GCC ARG ATG TAC GGA [l GAC GIG GGG TAC CAC CAG CAT GCA TAC GAC
T K M Y G 8§ D V 6 Y H Q H A Y D 5 C101S* 3 BamHI 577 + 336
Multiple 0:T4600 Gin0e19:9:00 SLATo ¢ 7 D116H 1 None None
subtitution fon el T (N 8  D116H* 3 Nisil 625 + 288
/Y ]‘J\- /\ 11\[\/ \ V ,f\ | V' v 3,6,9 None 0 None None
AL AL J 8 ) & B LAY QL)1)

Figure 5.3. Site-directed mutagenesis of pcDNA™5/B27/FRT/V5 introducing C67S, D116H and C101S changes.

(A) Sanger sequencing of plasmids containing HLA-B*27:05 wild-type, single-substitution and multiple-substitution sequences. Single
substitution sequences have only one nucleotide change (underline) and multiple-substitution sequences have three nucleotide changes.
Triplet codons and corresponding amino acids at position 67, 101 and 116 were highlighted in green, red and yellow, respectively. (B)
RE digests of PCR amplicons of HLA-B*27:05 wild-type and mutated plasmids resolved by DNA 1.2% (w/v) agarose gel electrophoresis.
PCR amplicons of 913bp were generated by the primer pair of F4-B27 and R4-B27, treated with corresponding REs: EcoRV for C67S*,
BamHI for C101S* and Nsil for D116H*. Undigested PCR products of pcDNA™5/B27/FRT/V5 was used as a negative control (lane 3,6

and 9). Data are presented of one experiment.
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pcDNA™5/B27/FRT/V5-C101S* and pcDNA™5/B27/FRT/V5-D116H*. To ensure the
introduced silent mutations can generate cleavage sites for the desired restriction
enzyme sites, B27 cDNA amplicons were generated from wild-type, single-substitution
and multiple-substitution plasmid templates and digested with the corresponding RE
(EcoRV for C67S*, BamHI for C101S* and Nsil for D116H*) (Figure 5.3B). No
cleavage products were detected for wild type B27 (lane 3, 6 and 9) and single-
substitution amplicons (lane 1, 4 and 7). Restriction enzyme digestion of B27 multiple-
substitution amplicons did generate cleavage products (lane 2, 5 and 8) indicating that

RFLP analysis could successfully detect introduced mutations.

To generate stable cell lines expressing HLA-B*27:05, | co-transfected
pcDNA™5/FRT constructs containing the desired HLA-B27 mutation and pOG44
plasmid, which encodes the Flippase protein, into the HeLa-H2Z cell lines. Transfected
cells were grown in selection medium containing both hygromycin and zeocin to
ensure that | could select cell lines not only with 2 copies but also single copies of the
desired mutation. To check the success of the Flp-in transfection, equal number of
each cell line (5x10° were harvested and lysed in 1% NP-40 lysis buffer. After
resolving reduced lysates by SDS-PAGE, samples were immunoblotted with the anti-
V5 pK and GAPDH antibodies (Figure 5.4). Immunoblotting with the house-keeping
protein GAPDH (~37 kDa) revealed that there was some unequal protein loading
(lanes 5, 7 and 9). Immunoblotting with the anti-V5 antibody was expected to detect
the fused protein of HLA-B*27:05 heavy chain (~40.5 kDa) and V5 C’ terminal tag
(~1.4 kDa) with the band size of ~41.9 kDa. Immunoblotting revealed expression of all

mutants indicating successful integration into FRT sites of the HeLa-H2Z host cell.
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Figure 5.4. Confirmation of mutated-HLA-B27 integration into HeLa-H2Z.

HelLa cells, untransfected Hela-H2Z, HelLa-B27/V5 and HelLa-B27/V5 containing
mutations (C67S, C67S*, C101S, C101S*, D116H and D116H*) were analyzed for
expression. Cell lines were lysed in 1% NP-40 and reduced samples were resolved by
two separate 8% SDS-PAGE gels. One gel was immunoblotted with anti-V5 antibody pK
for detection of HLA-B27/V5 tagged protein (~41.9 kDa). The second gel was
immunoblotted with an antibody against the housekeeping protein, Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) for reference. Data are presented of one

experiment.

5.2.2 Investigating C67S, D116H and C101S.B27 expressing cell lines

After generating the HelLa cell lines carrying HLA-B27 and the C67S, D116H and
C101S mutants, cell surface expression of HLA-B27 were determined by flow
cytometric analysis using equal number of cells (2x10°), stained with the ME1 antibody
which binds specifically to the MHC-I complexes of HLA-B27, B22 and B7 heavy chain
[334]. Beside HelLa and HelLa-H2Z, | also used the HeLa-E84 cell line, which contains
an ‘empty’ pcDNA™5/FRT vector, as an additional negative control. Flow cytometry
results (Figure 5.5A) revealed that as expected there was no HLA-B27 detected on
HelLa, HeLa-H2Z and HeLaE84 cell lines. HLA-B27 was observed on HeLa-HLA-B27,
D116H and C67S, but no expression of C101S. While cell surface expression of HLA-

B27 was not detected in both C101S and C101* cells, the differences in cell surface
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expression between each pair of C67S-C67S*, and D116H-D116H* were not
significant. It suggests additional silent nucleotide mutations do not affect the cell

surface expression of HLA-B27.

Although HLA-B27-D116H was detected at the cell surface, the levels of D116H (MFI:
34040) and D116* (MFI. 20885) was less than that detected for wild type (wt) HLA-
B27 (MFI. 43,638) (Figure 5.5B). The above results indicate that the HLA-B*27:09
subtype has lower expression than HLA-B*27:05 subtype. Flow cytometry analysis
revealed that fully assembled ME-1-reactive HLA-B27-C67S was also expressed at
lower levels than the wt HLA-B27. While expression of B27.C67S (MFI: 9700) and
B27.C67S* (MFI: 15292) were significantly lower than that of HLA-B27 (MFI: 43,638),
both B27.C101 and B27.C101* were not observed to express HLA-B27 at the cell
surface as expected. However, the C67S mutant was also detected at reduced levels
compared to WT HLA-B*27:05 suggesting that C67 may have an impact on the folding

and cell surface expression levels of HLA-B27.
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Figure 5.5. Flow-cytometry analysis of HeLa cell lines expressing HLA-B27 and B27 mutants.
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(A) The flow cytometry histograms of surface HLA-B27 expression on HelLa, HeLa-H2Z, HeLa-E84, HeLa-HLA-B*27:05 and HeLa-B*27:05
mutants (C67S, C67S*, C101S, C101S*, D116H and D116H*). Surface HLA-B27 expression was analyzed by flow cytometry using ME1
antibody staining (red) and compared to the signal of non-stained samples (black). (B) The bar charts indicate the Mean Fluorescence
Intensities (MFI) of HeLa-B*27:05 expression from two different experiments for HeLa-HLA-B*27:05 and HelLa-B*27:05 with C67S, C67S*,
C101S, C101S*, D116H and D116H* mutations. The means of MFI were calculated from duplicated data.
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In order to determine the dimerization of the various HLA-B27 molecules expressed
by HeLa cells in this controlled expression system, equal number of cells (10°%) were
pre-treated with N-ethylmaleimide (NEM) followed by lysis in 1% NP-40 detergent.
NEM is a small organic compound containing the alkene that forms stable, covalent
thioether bonds with free sulfhydryl groups such as those of reduced cysteines and
prevents them from reforming disulphide bonds. Therefore, NEM pre-treatment can
block the further formation of heavy chain dimers through disulphide binding between
the thiol groups of two free cysteines. Non-reduced and reduced lysates were resolved
on 10% SDS-PAGE followed by immunoblotting with HC-10 antibody, which can
recognize and bind to unfolded HLA class | B and C alleles [364] and pK antibody,
which can recognize and bind to the V5 tag. A further blot containing reduced lysates

were probed for GAPDH as a loading control.

Immunoblotting with GAPDH (Figure 5.6A) indicated that there was approximately
equal loading of protein between the cell lysates. Immunoblotting with HC10 on
reduced cell lysates (Figure 5.6A) revealed that there was one isoform (~40 kDa) of
MHC-I detected in HeLa and HelLa-E84, and two isoforms (~40 kDA and 42 kDa) of
MHC-1 by HeLa cells expressing HLA-B*27:05 wild type and cells expressing the
C67S, D116H and C101S mutants. The lower Mw HC10 reactive band correlated with
the endogenous HLA B/C alleles whilst the higher Mw isoform were possibly the HLA-
B27 V5 tagged molecules. Immunoblotting of reduced cell lysates with pK antibody
(Figure 5.6A and Figure 5.6B, left panel) confirmed that the HLA-I isoform with higher
Mw were HLA-B27 and the respective mutants. Immunoblotting non-reduced cell

lysates with pK revealed different conformers of HLA-B27 heavy chains. These
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conformers were observed at different sizes which can be grouped into monomers

with sizes of approximately 40 kDa and homodimers between 80-130 kDa.

Immunoblotting with HC10 and pK of non-reduced cell lysates of HeLa-B27 expressing
cells (Figure 5.6 A, B-right image and C-right image) revealed three different high
molecular wieght bands (arrow i-iii) and three different low molecular weight bands
(arrow iv-vi). While the low molecular wieght proteins are representative of monomer
conformers, the higher Mw are possibly different homodimers or heterodimer of HLA-
B27 molecules and other proteins. The same number of bands were observed by
HelLa-B27-D116H and -D116H* expressing cells. These observations suggest that
HLA-B*27:09 does not exhibit significant changes with respect to HLA-B27 heavy
chain dimer formation. However, different HC-dimer bands could be detected by cells
expressing C67S and C101S. Only the highest Mw conformer (i), could be detected in
cells expressing C67S, C67S*, C101S and C101S*, indicating that substitution of
cysteine at p67 and p101 can alter the HC-dimer conformers detected. Additionally,
immunoblotting with HC10 and pK of non-reduced cell lysates of HeLa-B27-C101S
and C101S* (Figure 5.6 B-right image and C-right image) revealed that substitution of
cysteine at p101 also led to the absence of one monomer conformation (isoform v).
C101 has been described to play an important role in the folding of HLA-B27 heavy
chain by participating in disulphide bond formation with C164 [130]. Without the
C101S-C164 disulphide bond, HLA-B27 does not fold appropriately and is not capable
of loading the peptide and presenting to the cell surface. Therefore, it suggests that
only isoform v can be the correct intramolecular folded molecules, while other isoforms
including both homodimer and monomer (isoform iv and vi) were aberrant or represent

incompletely folded molecules.
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Figure 5.6. Immunoblotting analysis of MHC-I expression on HeLa cell lines.

Northumbria University

HC-10 Reduced

i — e -p =
v‘ Momomers z::::
N )
)
LESS S
EECT T PP
pK Reduced

Hela, HeLa-H2Z, HelLa-E84, HeLa-HLA-B*27:05 and HelLa-B*27:05 mutants (C67S, C67S*, C101S, C101S*, D116H and D116H*) were
pretreated in NEM (20mM) and lysed in 1% NP-40 detergent. (A) Non-reduced cell lysates were resolved on a 10% SDS-PAGE gel

followed by immunoblotting with anti-V5 antibody pK. Reduced cell lysates were resolved on 10% SDS-PAGE gels followed by
immunoblotting with pK and HC10 which detects partially folded/misfolded B/C alleles, and with anti-GAPDH antibody. (B, C) Non-
reduced and reduced cell lysates were resolved on 10% SDS-PAGE gel followed by immunoblotting with HC10 (B) and pK antibody (C).

Arrow i-viii indicate different forms of MHC-1 molecules. Data are presented of one experiment.
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In summary, | have generated HelLa cell lines containing HLA-B27 alleles with different
mutations using site directed mutagenesis and the Flip-In system. The established cell
lines were used for detecting biochemical differences which can be used as a

reference for gene editing.
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5.2.3 CRISPR/Cas9 system targeting HLA-B*27:05

The next aim was to directly introduce the nucleotide substitutions into HLA-B*27:05
using CRISPR/Cas9 for generating cell lines expressing the above different variants
of HLA-B27. To facilitate HDR on the genomic HLA-B*27:05 sequence, the target sites
need to be cleaved by Cas9 RNP to generate single or double stranded breaks
followed by DNA repair using a donor DNA template. CRISPR-mediated gene editing
requires DSBs generated by the cleavage by an RNP complex of Cas9 protein and
SgRNASs. The high polymorphism of the HLA class | locus presents certain challenges
especially with specific targeting and off-target effects. Therefore, different sgRNAs
were designed to target different sites of HLA-B*27:05 and optimized by initial
performance on cell lines expressing HLA-B27.HC cDNA, prior to moving onto

genomic DNA sequences.

As the most widely used method for genome manipulation, sgRNA-guided S.
pyogenes Cas9 (SpCas9) system was harnessed to target the HLA-B27 cDNA
sequence. The design of SgRNASs used the following criteria appropriate for employing
spCas9: (i) the length of 20 nucleotides; (ii) DSBs located close to the desired target
sequence (<20nt); (iii) high score of off-target activity (>60) and (iv) on-target activity
(>40). Based on the spCas9’s PAM motif (NGG), appropriate crRNA can be identified
within the target regions. While the score of off-target activity predicts the inverse
probability of Cas9 off-target binding, the on-target score indicates the cleavage
efficiency of Cas9 RNP. Therefore, higher scores of on- and off-target means the
sgRNA has a reduced chance of binding to non-specific sequences and a higher
efficiency to generate DNA breaks at the desired target sequence [365]. Using

Benchling bioinformatics software, five sSgRNAs were chosen to target HLA-B27 at the
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amino acid position C67 (sg272F and sg278F), C101 (sg359F and g379F), and D116

(sg426F) (Figure 5.7).
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sg379F PAM sg426F PAM
5° qTCTCACAC?CTDCAGAAT%TGTATGG T?C ACGTGGG?CCGGACGGG?GCDTCCTCC§CGGGTACCA?CAGGACSCCTACGACGGCA%GGATTACATFGECCTGAAC?AGGACETGﬁ 3r
3 éAGAGTGTGGGAGGTCTTA%ACATACCqACGkTGCACCCCEGCCTGCCCGCGGAGGAGGCGCCCATGGTGGTCCTG3GGATGCTGCCGTTCCTAATGTAGCGGGACTTGCTCCTGGAC+ 5
PAM sg359R €101
SgRNA Target Distance between Off-target On-target Sequence of crRNA
name site cleavage point and activity efficiency

target site (nt)

sg272F p67 0 653 559 CCGGGAGACACAGATCTGCA
sg278F p67 6 61.1 442 GACACAGATCTGCAAGGCCA
sg359R pl01 4 69.6 65.4 GCAGCCATACATATTCTGGA
sg379F pl01 15 62.2 83.7 ATATGTATGGCTGCGACGTG
sga26F p116 5 67.9 86.7 TACCACCAGGACGCCTACGA

Figure 5.7. Selection of sgRNAs targeting the HLA-B*27:05 allele.

Genomic HLA-B*27:05 contain 7 exons in which C67 is located within exon 2 and C101
and D116 are located within exon 3. Five crRNAs (blue line) were designed to target the
HLA-B27 sequence at amino acid C67 (red), C101 (green) and D116 (yellow). All 20-nt
crRNAs were designed so that they were directly upstream of a protospacer adjacent
motif (PAM) site (NGG). The table stated the details of each sgRNAs.
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In order to evaluate the function of the sgRNAs, three primer pairs were designed to
amplify different regions within the expression cassette of HLA-B*27:05 cDNA (Figure
5.8A). At least one primer of each pair was in the CMV promoter or V5 tag to avoid the
amplification of other HLA class | alleles. While the amplicon of primer pair 1 was
expected to cover sequences encoding C101 and D116 of HLA-B27, that of primer
pair 3 were expected to cover C67. On the other hand, the amplicon of primer pair 1

were expected to cover all target sites.

The function of the designed sgRNA was evaluated via the IVT cleavage assay (Figure
5.8B). In this assay, naked DNA amplicons of the target sites were treated with the
RNP complex of Cas9 nuclease and sgRNAs and separated by agarose
electrophoresis. If Cas9 RNP can recognize the target site via the interaction between
crRNA and target sequence, Cas9 protein will induce the DSBs and cleave the PCR
amplicons into 2 separate bands which can be visualized by agarose electrophoresis.
HPRT sgRNA (IDT) was used as a positive control to validate reagents or troubleshoot
the experiments using crRNA:tracrRNA duplexes. Sample 1 of the IVT assay indicated
that the RNP complex of HPRT + sgRNA cut the HPRT amplicon (1083 bp) to two
smaller bands (827 and 256 bp). A negative control gRNA (IDT) was used containing
a 20 nt crRNA that was computationally designed to be non-targeting to the human
reference genome. Sample 2, 8 and 13 of the IVT assay showed the presence of PCR
amplicons only but no cleaved bands. Cleavage products were observed with all
samples treated with sgRNAs targeting HLA-B27 in lanes 5, 6, 8, 9 and 10 (Figure
5.11B). The repeated IVT assay (Figure 5.8C) confirmed that the designed CRISPR

guide RNAs were functional and ready for later experiments.

215



Dinh Dung Nguyen

Northumbria University

A
sg272F sg359R  sg426F
sg278F sg379F
I cDNA.B27 V5
Pcmv
I 855 bp |
CF 785 bp R =
‘ 913 bp '
HPRT | sg272F sg278F | sg359R  sg379F sgd26F | sg272F sg278F sg359R  sg379F  sgd26F
(+)
gRNA
Full-length 1083 785 785 855 855 855 913 913 913 913 913
(bp)
Fragment 1 827 589 605 766 756 709 472 479 560 580 627
(bp)
Fragment 2 256 196 180 89 99 146 441 434 353 333 286
(bp)
B C

B27 Primer 3

B27 Primer 4

B27 Primer 1

5 6 7

=~ ‘. .---rr*""“
. i' .

b—l

- .
g SIS £ K& &
NS N S P N 3
& ¥ FEdELe L
x\(\\ \h " <
A«
QQ“\)@’D 6@0
R S

8 9 10 1112 13

800 bp
600 bp
- —
- —
- -

300 bp

—
. 200 bp

Figure 5.8. In vitro cleavage assay of Cas9 RNP targeting HLA-B27 cDNA

(A) The cassette of HLA-B27 expression was composed of CMV promoter,

HLA-B27

cDNA and V5 tag sequences. Five sgRNAs (white arrows) targeted B27 at C67, C101

and D116. Three primer pairs (blue arrow) were designed for amplification of HLA-B27.

The bottom table stated the size

cleavage bands by Cas9 RNPs.

indicated in vitro cleavage results

of PCR amplicons of each primer pairs and expected
(B, C) 1.2% (w/v) agarose electrophoresis image
of Cas9 RNPs. HPRT positive and negative gRNA were

used as positive and negative controls for the assays. Data are presented of one

experiment.
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For the next step, | evaluated the ability of Cas9 RNPs to target in vivo the HLA-B27
sequence using an in vivo (IVV) cleavage assay (Figure 5.9). RNPs of Cas9 proteins
and sgRNAs were delivered into HelLa-B27 cells by lipofection. One day post
transfection, genomic DNA was extracted and used as a template to produce the PCR
amplicon using HLA-B27 specific primers. The PCR amplicons were denatured and
reannealed to allow heteroduplex formation between mutated and wt DNA sequences
followed by incubation with T7 endonuclease I. CRISPR-mediated indel mutations
were then detected based on the T7El-treated amplicons. Cleavage products were
detected in samples transfected with RNP of sg359R (lane 1), sg426F (lane 3), and
sg278 (lane 9). The faded band in lanes 2 and 8 indicated that the IVV cleavage
efficiency of sg379F and sg272F were lower compared to other sgRNAs. These
results indicated that the designed sgRNAs including sg278F, sg359R and sg426F
could be used to introduce DSB which could facilitate DNA repair following HDR for
gene-insertion within the HLA-B27 gene at positions C67, C101 and D116,

respectively.
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B27 Primer 1 B27 Primer 3

1 2 3 4 5 6 7 8 9

sg359R sg379F sg426F sg272F sg278F
Full-length (bp) 855 855 855 785 785
Fragment 1 (bp) 766 756 709 570 576
Fragment 2 (bp) 89 99 146 150 147

Figure 5.9. In vivo T7EI cleavage result of Cas9 RNPs targeting HLA-B27.

Agarose electrophoresis results of T7EI digestion of PCR amplicons generated from
HelLa-B27 cells transfected with Cas9 RNPs targeting HLA-B27. After thermal cycling (10
min. 95°C; 95-85°C (ramp rate: —2°C/sec); 85-25°C (ramp rate: —0.3°C/sec), amplicons
with indel mutations formed the heteroduplex and were digested by T7EIl into smaller

bands. Data are presented of one experiment.

5.2.4 Selection of cell lines for HDR

CRISPR-mediated insertion of a desired sequence requires cells to repair DSBs using
endogenous HDR mechanisms but most cells exhibit a preference for the NHEJ
pathway, which is more robust, predominant and flexible compared to HDR [366].
Therefore, it is necessary to identify appropriate cell types for HDR purposes before

applying the CRISPR/Cas9 systems to introduce desired mutations within the HLA-
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B27 cDNA. B2M locus was chosen as the target for this optimization experiment due
to the highly conserved of this gene and also relate to MHC-I complex. Different cell
lines including HEK, HelLa and K562 were transfected with a Cas9 RNP targeting exon
1 B2M locus and donor template (used in Chapters 3 and 4) (Figure 5.10). Optimized
SgRNA.B2M.1.3 was then used to form the RNP with the Cas9 nuclease. The 135-nt
donor template (ssODN.B2M.SilentM) contains two 65 bp homology arms and a 7 bp
insertion which had 3 nucleotides substituted to introduce 3 silent amino acid
mutations into the B2M allele (Figure 5.10). These changes to the original sequence
introduce restriction enzyme sites (Xbal) allowing for RFLP analysis to evaluate

whether HDR had been achieved.

GGCCTTAGCTGTGCTCGCGCTACTCTCTCTTTCTGGCCTGGAGGCTATCCAGCGTGAGTCTCTCCTACCCTCCCGCTCTGG

I 1 | 1 1 I l 1 1 ' l i I i |

T v 1 v T v T v 1 L T L T v 1

CCGGAATCGACACGAGCGCGATGAGAGAGAAAGACCGGACCTCCGATAGGTCGCACTCAGAGAGGATGGGAGGGCGAGACC

-------- —_ PAM sgRNA.B2m.1.3
B2m sequence: 5’ Exonl | Exon2 Exon 3
ssODN.B2m.SilentM: 5/ < GGICTAGAAGCT ———

Xbal

Figure 5.10. Design of sgRNA and donor template for HDR targeting exon 1 of the B2M

locus.

Genomic B2M contains 3 exons located on the long arm of chromosome 15 at 15q21.1.
sgRNA.B2M.1.3 were designed to target the end of exon 1 (Chr15:25003800). Donor
templates (ssODN.B2M.SilentM) were used in combination with Cas9 RNPs to introduce
HDR-mediated insertion at the target sequence. The 7 nt insertion sequence contains

silent mutations and a Xba | RE site. The homology arms were 75 nt in length.
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The HDR within the B2M locus was facilitated by co-transfecting the dsODN donor
templates and RNP of Cas9 protein and sgRNA.B2M.1.3 using electroporation with
the Amaxa Nucleofector system (Lonza). Equal numbers (10°) of HeLa, HEK and K562
cells were transfected with ssODN and RNP complex at a molar ratio of 4:1 followed
by the incubation in complete culture media with added HDR Enhancer (group 1). Cells
transfected with Cas9 RNP only (group 2) and donor template only (group 3) were
used as negative controls for HDR and DSBs, respectively. All transfections were
performed in triplicate on Hek, K562 and HelLa cell line. Genomic DNAS were extracted
from one day post-transfected cells and used for preparing amplicons for the T7EI
assay using the F1.B2M.exonl and R1.B2M.exonl primers. PCR products of DNA
extracted from wild-type cells (group 4) were used as a positive control for the PCR
reaction. The T7El assay (Figure 5.11B) showed that bands of 458 and 304 bp
resulting from T7EIl cleavage were detected in HelLa, K562 and HEK samples
transfected with Cas9/sgRNA.B2M.1.3 RNP (group 1 and 2). These data indicated
that Cas9/sgRNA.B2M.1.3 RNP complexes can introduce DSBs in all cells and lead
to indel mutations (without donor template) or desired insertion (with donor template).
The RFLP assay (Figure 5.11C) though, showed cleaved products with the sizes of
455 bp and 307 bp were detected only within K562 cells transfected with RNP and
donor template (K562_group 1). These results indicates that the K562 cells

preferentially repair DSBs following the HDR pathway.
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Figure 5.11. Evaluation of HDR in HeLa, HEK and K562 cell lines.

DsODN donor templates, ssODN.B2M.SilentM and RNP.B2M-1.3 were transfected into
Hela, K562 and HEK cells. (A) Table summarizes the components of each transfection.
(B,C) At one day post-transfection, PCR amplicons of transfected cell-derived genomic
DNA were used to check the cleavage and HDR efficiency by T7ElI and RFLP assays,
respectively. The size of the wt B2M amplicon was 762bp and the sizes of T7-cleaved
products were 458 and 304 bp. The sizes of RFLP products were 455 bp and 307 bp.

Data are presented of one experiment.
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5.2.6 HDR of C67S, C101S and D116H using gRNA and ssODN

After optimized sgRNAs had been determined for introducing DSBs on or near the
target regions, | designed donor templates to enable homologous recombination and
insertion of the desired mutations into the HLA-B27 sequence. Besides nucleotide
substitutions at C67, C101 and D116, additional silent mutations, which was used in
SDM experiments (Figure 5.1), were also included in the designed donor templates.
The reason for employing silent mutations was to create a new restriction enzyme site
to evaluate HDR efficiency and screening of single-cell clones. All donor templates
were ordered in a form of single-stranded donor oligonucleotides (SSODNs) which
were suitable for short insertions and could provide high HDR efficiency compared to
similar dsDNA donor templates [367, 368]. The criteria for designing donor templates
included: (1) containing targeted codon changes to be introduced along with silent
mutations; (2) have 40-60bp homology arms; (3) Avoid local GC content extremes and

secondary structures of the target sequence.

By applying the above criteria, | designed three separate ssODN donor templates for
introducing the following genetic modifications, C67S, C101S and D116H, into the
HLA-B*27:05 allele (Figure 5.12). Beside amino acid substitutions, sSODN of S67,
S101 and H116 also contained the additional silent mutations for introducing the
restriction enzyme sites of EcoRV, BamHI and Nsil, respectively. While Both
B27.C67S.ssODN and B27.D116H.ssODN have nucleotide substitutions close to the
5" end of crRNA and PAM motif of crRNA-target sequences, nucleotide substitutions
of B27.C101S.ssODN were located at the 3’ end of crRNA. To decrease the possibility
of Cas9 RNP-mediated cleavage within the donor template, an extra amino acid

substitution was added to change the PAM motif (CCC to CAC) and prevent sgRNA
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binding. Both right and left homology arms of all sSsODNs were 50 nt in length. Donor

templates were ordered from IDT in the form of single-stranded DNA oligos (Alt-R HDR

Donor Blocks).

HLA-B*27:05: ~

B27.C67S.5sODN:

HLA-B*27:05:

B27.C101S ssODN:

HLA-B*27:05:

B27.D116H ssODN:

o

c67
?CGTGGATAGAGCAGGAGGGGCCGGAGTATTGGGACCGGGAGACACAGAT4 GCRAGGCCAAGGCACAGACTGACCGAGAGGACCTGCGGACCCTGCTCCGCT% 3

t + + + + + + + + + + 1
GGCACCTATCTCGTCCTCCCCGGCCTCATAACCCTGGCCCTCTGTGTCTAGECGTTCCGGTTCCGTGTCTGACTGGCTC7CCTGGACGCCTGGGACGAGGCGAT 5¢

Right arm (50 bp) Insert (4 bp) Leftarm (50 bp)
CCGTGGATAGAGCAGGAGGGGCCGGAGTATTGGGACCGGGAGACACAGATATCTAAGGCCAAGGCACAGACTGACCGAGAGGACCTGCGGACCCTGCTCCGCTA 3’
EcoRV
Cc101

TGCGGACCCTGCTCCGCTACTACAACCAGAGCGAGGCCGGGTCTCACACCCTCCAGAATATGTATGG TGCGACGTGGGGCCGGACGGGCGCCTCCTCCGCGGGTACCACCAGGACGCCT53

t + + + + + + + + + + + s |
ACGCCTGGGACGAGGCGATGATGTTGGTCTCGCTCCGGCCCAGAGTGTGGGAGGTCTTATACATACCHACGCTGCACCCCGGCCTGCCCGCGGAGGAGGCGCCCATGGTGGTCCTGCGGATG

Right arm (50 bp) Insert (22 bp) Leftarm (50 bp)
TGCGGACCCTGCTCCGCTAQTACAACCAG@GCGAGGCCG§GTCTCACAC@CTCCAGAATATGTACGGATCCGACGTGGGQCCGGACGGGQGCCTCCTCCQCGGGTACCAQCAGGACGCCTAq
BamHI

eTGGCTGCGACGTGGGGCCGGACGGGCGCCTCCTCCGCGGGTACCACCAGGACSCCTACGACGGCAAGGATTACATCGCCCTGAACGAGGACCTGAGCTCCTGGA? 3

I + + 1
TACCGACGCTGCACCCCGGCCTGCCCGCGGAGGAGGCGCCCATGGTGGTCCTGCGGATGCTGCCGTTCCTAATGTAGCGGGACTTGCTCCTGGACTCGAGGACCTG 5

Right arm (50 bp) Insert (6 bp) Leftarm (50 bp)
ATGGCTGCGACGTGGGGCCGGACGEGCECCTCCTCCGCEGGTACCACCAGCATGCATACGACGGCAAGGATTACATCGCCCTGAACGAGGACCTGAGCTCCTGGAC 3’
Nsil

67.C>S sg272F B27.C67S.ssODN 104 EcoRV 441 + 472 (bp)
101.C>S sg359R B27.C101S.ssODN 122 BamHlI 339+ 574 (bp)
116.D>H sg426F B27.D116H.ssODN 106 Nsil 294+619 (bp)

Figure 5.12. Design of donor templates built for homology-directed repair to introduce

single amino acid changes within the HLA-B27 sequence.

All donor templates were designed and produced in the form of ssODN. Each ssODN

contained an insert sequence (red), homology arms (blue) and restriction enzyme sites

(black). The table summarises the details of each ssODN.

Firstly, | aimed to test the CRISPR/Cas9 system and donor template in cell lines

expression B27 cDNA, then move to targeting genomic DNA sequences. For HDR of

HLA-B27, ssODN donor templates, RNPs of Cas9 protein and sgRNA were co-
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transfected using electroporation with the Amaxa Nucleofector system (Lonza). Equal
numbers (108) of HelLa-B27 cells were transfected with ssODN.D116H and RNP
complexes (of Cas9 nuclease and sg426F) at a molar ratio of 4:1 followed by
incubation in complete culture media with either HDR Enhancer, DMSO or media
alone. Genomic DNAs were extracted from post-transfected cells and used as
templates for producing PCR amplicons for T7El and RFLP assays, which were
applied to evaluate the cleavage and HDR efficiency, respectively. The T7EIl assay
(Figure 5.13) indicated that Cas9/sg426F RNP complexes can introduce DSBs in all
samples as indicated by the generation of the bands 619 bp and 294 bp. However, the
RFLP assay did not demonstrate cleavage of the amplicon. Therefore, even in the
presence of B27.D116H.ssODN donor template, DSBs were mainly repaired following
the NHEJ pathway by HelLa-HLA-B27. Similar results were observed with repeated
experiments using sg and ssODN C67S (sg272F and B27.C67S.ssODN) and C101S

(sg359R and B27.C101S.ssODN) pairs (data not shown).

T7EIl RFLP

———----~ 900 bp
A
—600 bp
— e o— -
- G o= A —300 bp
@ > S S & > ) S
N ey X N ) <
((/i\éb o"bb S s é‘& ES ) 5
S ® 3 N
f *®
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Figure 5.13. Genome editing by transfection of B27.D116H.ssODN and Cas9/sgRNA
RNP targeting the HLA-B27 cDNA expressed by HeLa-B27 cell lines.

Cells were transfected with the complete CRISPR/Cas 9 platform (ssODN + Cas9/sgRNA
RNP complexes) or Cas9 only as a negative control (Control). After transfection, cells
were grown in cDMEM or cDMEM containing HDR Enhancer or DMSO. PCR amplicons
of transfected cell-derived genomic DNA were used to check HDR efficiency by T7EI
(lane 1-4) and RFLP assay (lane-4). Experiments have been repeated three times using

three different pairs of SQRNA and ssODNs. Data are presented of one experiment.

In section 5.24, K562 cells had been shown to be more suitable for gene-insertion than
HeLa cell lines. Therefore, | repeated the HDR experiments with K562-HLA-B27 cell
line which was kindly provided by Dr. Simon Powis (St. Andrew University). Equal
number (10°) of K562-HLA-B27 were transfected with Cas9 RNPs and corresponding
ssODNs using electroporation. Cells transfected with the Cas9 protein only were used
as negative controls. DNA gel electrophoresis of the T7El assay (Figure 5.14A)
demonstrated cleavage products as detected in lanes 1, 2 and 3. This result indicates
that RNP complexes of Cas9 nuclease and sgRNAs can introduce DSBs within the
HLA-B*27:05 gene expressed by K562-HLA-B27 cells. Following the RFLP assay,
PCR amplicons were incubated with the corresponding RE for each target including
EcoRV for C67S, BamHI for C101S and Nsil for D116H. The RFLP assay (Figure
5.14B) demonstrated BamHI (lane 5) and Nsil (lane 6) cleavage products within the
negative controls. These cleavage bands were digest products resulting from the
multiple cloning region of the pCR3 plasmid which was the backbone plasmid used to
integrate HLA-B27 cDNA into the genome of K562 cells. Cleaved bands were
observed in samples transfected with RNP complexes and ssODNs (lane 1, 2 and 3).
The RFLP assay of gene-edited cells indicated that K562-HLA-B27 cells have repaired
DSB following HDR, which facilitated the introduction of the desired mutations.
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+ Cas9 RNP NC + Cas9 RNP NC

Mutant C67s C101S D116H

Mutant C67S  C101S D116H

Enzyme EcoRV ~ BamHl Nsil EcoRV ~ BamHI Nsil
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Figure 5.14. Genome editing by transfection of ssODNs and Cas9/sgRNA RNPs
targeting HLA-B27 in K562-HLA-B27 cell line.

Cells were transfected with a completed platform composed of ssODN + Cas9/sgRNA
RNP complexes or Cas9 only as negative control (NC). After transfection, cells were
grown in cRPMI containing HDR Enhancer. PCR amplicons of transfected cell-derived
genomic DNA were used to check HDR efficiency by T7EI (A) and RFLP assays (B). Data

are presented of one experiment.

5.2.7 Cloning of gene-edited cells

After achieving HDR at the target sites of the HLA-B27 cDNA, clonal cell lines were
generated from polyclonal pools of gene edited cells by single-cell cloning. Single-cell
clones of gene-edited K562-HLA-B27 were expanded and partly harvested for
extraction of genomic DNA. PCR amplicons of each single-cell clone using F4-B27
and R4-B27 were used to identify single cell clones containing desired mutations by
the RFLP assay. Electrophoresis results of the RFLP assay (Figure 5.15) identified 3

in 6 screened clones carried the C67S mutation (50%), 2 in 10 screened clones carried
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the C101S mutation C101S (20%), and 2 in 13 screened clones carried the D116H

mutation (15.4%).

A B
EcoRV BamHI
1 2 3 4 5 6 1 2 3 4 56 7 8 9_ 10
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Figure 5.15. Single-cell isolation of monoclonal K562-HLA-B27 cells containing target
mutations.

Monoclonal cells were isolated using serial dilution of polyclonal populations. Single-
clonal cells were identified using the RFLP assay with corresponding RE. (A) PCR
amplicons of single-cloned K562-B27-C67S cells were digested by EcoRV. Undigested
products were observed in lane 2, 4 and 6. Cleaved products (441 + 472bp) were
observed in lane 1, 3 and 5. (B) PCR amplicons of single-cloned K562-B27-C101S cells
were digested with BamHI. Undigested products were observed in lane 2, 3 and 5-10.
Cleaved products (339 + 574bp) were observed in lane 1 and 4. (C) PCR amplicons of
single-cloned K562-B27-D116H cells were digested by Nsil. Undigested products were

observed in lane 1, 3, 5-8 and 10-14. Cleaved products (294 + 619bp) were observed in
lane 4 and 9.
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RFLP-mediated screening of single cell clones revealed clones containing the desired
mutation and were expanded for confirmation by Sanger sequencing before storage
and use for downstream experiments. PCR amplicons were prepared using the F4-
B27 and R4-B27 primer pair and sequenced using primer F4-B27 (Appendix 5). The
sequencing chromatograms of wild-type and mutated HLA-B27 are shown in Fig 4.19.
Sequencing confirmed the mutations were introduced and that the genotypes were
homozygous. Therefore, CRISPR-mediated HDR experiments were successful in

introducing different mutations into the HLA-B27 cDNA sequence expressed in the

K562 cell line.
Position aab7 aalll aall6
Wild- ( G cCiiecC GG CC
type
'(f\..
&J\ 8 /\/M
C
Modified ¢ A T ATIEH GG C ( raTcecAffle@lcacaT 6 caccacllc caT A C
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Figure 5.16. Confirmation of nucleotide substitutions in monoclonal gene-edited K562-
HLA-B27 cells.

HLA-B27 short segments of wild-type and gene-edited K562-HLA-B27 were shown in the
top and bottom rows, respectively. The nucleotide missense mutations were highlighted
in blue bars. The HLA-B27 sequence of K562-B27-C67S contains nucleotide
substitutions from TCT to TGC. The HLA-B27 sequence of K562-B27-C101S contains
nucleotide substitutions from TCC to TGC. The HLA-B27 sequence of K562-B27-C101S

contains nucleotide substitutions from CAT to GAC.
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5.2.8 Investigating gene edited HLA-B27 expression

To investigate how CRISPR-mediated nucleotide substitutions affected the cell
surface expression of HLA-B27, each clonal gene-edited K562 cell line was analyzed
by flow cytometry using W6/32 and ME1 antibody. Flow-cytometry data of each
sample stained by each antibody were compared to K562.B27 samples using ordinary
one-way ANOVA (Prism) (Appendix 4, Supplementary Data 14 and 15). Flow
cytometric analysis (Figure 5.17) revealed that ME1- reactive HLA allotypes were not
expressed by K562 cells (MFI: 192 + 2). The surface expression of HLA-B27 on K562-
B27-C101S (MFI:261 + 36) were significantly lower than that of K562 (MFI:7262 +
295). W6/32-reactive HLA allotypes were also observed to be decreased in K562-
B27.C101S compared to wild type K562. These results suggest that CRISPR/Cas9
RNP targeting position 101 may not only affect the HLA-B27 allele but also other HLA
class | sequences. To verify these potential off targeting effects, deep-sequencing
should be performed in the future to assess indel mutations within non-B27 HLA class

| alleles to identify the presence of off-target mutations.

The fully assembled ME-1 reactive HLA-B*27:05.C67S heavy chain was expressed at
lower levels than wild type at the cell surface (HLA-B27.C67S 4555 + 117 compared
to WT HLA-B27 7262+ 295). However, expression of B27.C67S was significantly
higher than B27.C101S. There appears to be no significant difference in cell surface
expression levels between K562-HLA-B27 (W6/32: 5811 + 72, ME1: 7262 + 295) and
K562-B27.D116H (W6/32: 5816 + 70, ME1l: 6798 + 258). Hence, the amino
substitution at p116 within the F pocket of the peptide binding groove has no impact

on surface expression of HLA-B27 heavy chain.
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Figure 5.17. Characterisation of surface MHC-I expression by gene-edited K562-HLA-B27 cells.

Cell surface expression of MHC-1 and HLA-B27 by K562 cells and gene-edited K562 cells stably expressing HLA-B*27:05 (wild type), C101S, C67S
and D116H as determined by flow cytometry using W6/32 and ME1 antiboidies. (A) Flow cytometry data was presented as histogram plots of cell
counts versus Mean Flourescence Intensities (MFI) corresponding to the expression of MHC-1 or HLA-B27. (B) The bar charts demonstrate the mean

MFI data (mean + SEM, n=3). One-way ANOVA with Turkey’s post-test. ****P<0.001.
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| then wanted to determine the folding status of HLA-B27 and the respective mutants
with respect to HC-dimerization. Equal number (108) of cells were pre-treated with
NEM followed by lysis in 1% NP-40 detergent. Non-reduced and reduced lysates were
resolved on 10% SDS-PAGE followed by immunoblotting with HC-10 antibody and
GAPDH as a protein loading control. Immunoblotting with GAPDH (Figure 5.18,
bottom blot) indicates that there was approximate equal protein loading between cell
lysates. Immunoblotting with HC10 of reduced cell lysates (Figure 5.18, middle blot)
detected a single MHC-I isoform (~40 kDa). Immunoblotting with HC10 of non-reduced
cell lysates (Figure 5.18, top blot) demonstrated only one monomer (vi) and different
isoforms of HLA-B27 heavy chains ranging between 75 to 110 kDa. Immunoblotting
detected 3 isoforms of homodimers (arrow ii-iv) for both HLA-B*27:05 (lane 2) and
B*27:05-D116H (lane 6) heavy chains. These observations suggest that substitution
to the HLA-B*27:09 subtype did not affect the HC-dimerization of HLA-B27 by K562
cells. Interestingly, substitution of cysteines at p67 and p101 can led to different levels
of HLA-B27 expression as well as differences in detection of homodimer isoforms.
K562-B27-C67S (lane 3) demonstrated apparent lower HLA class | heavy chain
protein levels as detected by HC10. On the other hand, HLA-B27-C101S (lane 4)
demonstrated enhanced protein levels following immunoblotting of reduced lysates
and the detection of 5 different isoforms of HLA-B27 HC-dimers (i-v). Therefore, a
combination of flow cytometry analysis and immunoblotting suggests that both
cysteine mutants at p67 and p101 reduce HLA-B27 expression at the cell surface but
for different reasons. While C101S led to insufficient folding of HLA-B27 molecules
and gave rise to different types of aberrant heavy chain molecules, C67S led to a

reduction in the expression level of intracellular HLA-B27 molecules.
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Figure 5.18. Immunoblotting of HLA-I heavy chain expressed by gene-edited cells.

K562 cells and gene-edited K562 cells stably expressing HLA-B*27:05 (wild type),
C101S, C67S and D116H were lysed in 1% NP-40 detergent. Non-reduced and reduced
lysates were resolved on 10% SDS-PAGE followed by immunoblotting with HC10
antibody (anti- unfolded MHC-1). Reduced lysates were resolved on 10% SDS-PAGE

followed by immunoblotting for GAPDH as an internal protein level control.
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5.2.9 Evaluating off-target effects on gene-edited cell lines

Undesirable off-target mutations were screened by NGS at genome regions which
have high levels of homology to the targeted sequence. Deep sequencing was applied
to evaluate the off-target effects caused by the Cas9 RNP of sg272F, sg359R and
sg426F. Firstly, potential off-target sequences were predicted using COSMID, an
online software tool for identifying and validating CRISPR off-target regions [353]. The
criteria for identifying off-target sites included: (i) screening whole human genomes;
(if) containing maximum of 3 mismatches and 1 indel mutation; (iii) <2.5 in score of off-
target sites for the input target sites. Lower ranking score of off-target sites indicates
the more likely off-target sites. Following the above criteria, only one locus was
identified as a potential off-target site by Cas9 RNP of sg272F. The potential off-target
loci, named as OT-sgB27.272_2, are located within the FLJ11042 or ACOXL gene on
chromosome 2. The on-target region of sg272F was also included in deep sequencing

experiments to investigate the percentage of indel mutations.

Table 5.1. On-target and off-target sites for the RNP of Cas9 protein and sg272F.

Off-target regions of sg272F were predicted by COSMID software. Mismatch or indel
mutations are highlighted in yellow. Query type indicates the type and number of changes
examined. Off-target ranking scores are based on the number and location of base

mismatches.

Name Result Query | Mismatch Chr Position Strand | Score
type
OT.sgB27.272_1 | CCGGGAGACACAGATCTGCAGGG -- hit No indel 0 Chré 0

CCGGGAGACACAGATCTGCANGG -- query

OT.sgB27.272_2 CCTGGAGACACAGCTCTGCAGGG -- hit No indel 2 Chr2:111031770- + 1.45
CCGGGAGACACAGATCTGCANGG -- query 111031792

Primers for NGS were designed to produce short PCR amplicons with the size of 200

to 250 bp (Appendix 5). Genomic DNA of wt K562-HLA-B27 cells and polyclonal gene-
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edited K562-HLA-B27 cells, which were transfected with the RNP of Cas9 protein and
sg272F, were extracted and used as templates for preparing the initial amplicons. After
generating libraries with unique bar codes for each sample, PCR products were

subsequently sequenced on the llumina MiSeq at 100,000 reads per sample.

Off-target effects were evaluated based on the comparison between NGS sequencing
data and reference genome sequences. The percentage of variants or indel mutations
was analyzed through re-alignment programs Geneious by the following criteria: (i)
identifying variants within the entire range covered by the reads; (ii) eliminate variants
with low frequency (<0.5%). Off-target analysis (Figure 5.19) indicated that the on-
target site contained 63.1% (n=2) indel mutations generated during DSB repair
following NHEJ pathway. More importantly, the percentage of indels detected in
potential off-target regions of gene-edited cells were very low at 0.3% (n=2). These
percentages and types of variants were the same as that of untreated K562-HLA-B27
cells. Therefore, off-target analysis indicated that indels were also not detected in the

screened off-target locus of sg272F.
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Figure 5.19. On-target and off-target analysis of the RNP of Cas9 protein and sg272F on
K562-HLA-B27 cells

Indel frequencies for on-target and potential off-targets identified by Miseq deep-
sequencing in untreated K562-HLA-B27 cells (n=2) and CRISPR/Cas9-treated K562-

HLA-B27 cells (n=2).
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5.3 Discussion

To the best of my knowledge this is the first study exploiting the CRISPR/Cas9 system
to directly introduce nucleotide substitutions within HLA class | genes. The targeted
gene was the HLA-B*27:05 subtype which is strongly associated with Ankylosing
Spondylitis (AS) [174]. CRISPR/Cas9-mediated modification of HLA-B*27:05 has the

potential to be developed into a therapeutic treatment for AS in the future.

The aim of this chapter was to test the idea of manipulating protein folding by
introducing different nucleotide changes into the HLA-B*27:05 sequence and
investigate how misfolding events and potentially how the UPR were influenced by
these variants. Three amino acid changes were targeted at p67 (C67S), p101 (C101S)

and p116 (D116H).

Cys®” has been implicated in the dimerization process especially cell surface dimers
[369] and B27.C67S transgenic rats develop disease with a milder phenotype than
wild-type B27 transgenic rats [180]. On the other hand, D116H will transform HLA-
B*27:05 to HLA-B*27:09 which could improve the protein folding process. A C101S
mutant was generated as a control to assess the effects of a fully misfolded HLA-B27

molecule.

The tendency for the HLA-B27 heavy chain to misfold and/or form homodimers has
been postulated to contribute to AS pathogenesis [370]. Using two different methods
which are site-directed mutagenesis and CRISPR/Cas9, the cell models containing
C67S or C101S or D116H were generated regarding the dimerization and misfolding
events of B27 molecules of each different population. The monomer of B27 molecules

have three different isoforms which can be explained by 3 different states including
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non-reduced (high mw), partly-reduced (medium mw) and oxidized (low mw). The
three high mw protein bands (90-130kDa) maybe representative of different
homodimer conformers of B27 molecules or heterodimerss of HLA-B27 and other

proteins related to folding or the antigen-presenting pathway.

In both the SDM and gene-edited cell models, the absence of Cys!® facilitated high
levels of HLA-B27 dimerization and prevented the HLA-B27 molecule being expressed
at the cell surface. The absence of Cys®’ can still form high molecule weight disulphide
bonded structures but at lower expression level and exhibit an altered number of B27
heavy chain isoforms. This result proposed that modification of C67S can potentially
reduce the misfolding events and still maintain the presence of HLA-B27 heavy chain

on cell surface.

HLA-B*27:05 and -B*27:09 are AS and non-AS associated subtypes, respectively
which differ at a single residue at position 116 within the heavy chain. The presence
of Asp (D) in HLA-B*27:05 has been found to play an essential role in AS susceptibility
[371]. | transformed HLA-B*27:05 to 09-like HLA-B*27:05 by replacing Asp® by His
using CRISPR/Cas9 system. With both SDM and gene-edited cell models, there were
no differences in either expression levels and HLA-B27 heavy chain misfolding as
determined by HC-dimerisation. These observations suggest Asp!® may not be
involved in HC-dimerisation. Previous studies by Cheng [371] and Rana [362],
comparing HLA-B*27:09 and 05, reported the latter to strongly bind to more self-
peptides which could potentially become auto-antigen targets. To determine whether
there are differences in the peptide pools, analysis of the presented peptides on HLA-
B*27:05 and 09 should be performed. Additionally, it is also necessary to examine the

maturation rates of HLA-B27 heavy chains within the gene edited cells.
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In this chapter, | developed an efficient CRISPR/Cas9-mediated system that precisely
altered nucleotides within the HLA-B27 cDNA sequence. The CRISPR/Cas9 system
consists of a short ssODN donor template and a RNP composed of a Cas9 nuclease
and sgRNAs targeting the HLA-B27 sequence. A major challenge for precise
CRISPR/Cas9-mediated knock-in is the ability to diminish NHEJ background and
induce high-fidelity HDR edits. In this study, HDR efficiency was observed to be very
low in HeLa compared to HEK and K562 cells. Although different Cas9 systems,
including Cas9 nickases, catalytically dead Cas9 fused to Fokl and transcription
activator—like effector nucleases, have been applied in HeLa cells, none can induce
HDR within this cell line [372]. The variable ratio of HDR and NHEJ between cell types
can be explained by different epigenetic modifications [373] and components of the

DNA repair machinery.

The next stage of study will be to apply this CRISPR/Cas9 system to target the
genomic HLA-B*27:05 allele. EBV immortalized B cells containing wild-type HLA-B27
allele are be used to optimize the CRISPR/Cas9 system before applying on iPSC or
HSCs. The current systems were designed to target both cDNA and genomic DNA of
the HLA-B*27:05 allele, but the donor template should be modified to encompass the

intronic regions within the homology arms.

HLA class | heavy chain expression has previously been successfully disrupted to
enhance the immunological compatibility of iPSC cells [315]. With the effective
CRISPR-mediated switch in HLA subtype reported in this study and combined with
reported strategies enhancing immunological compatibility, this approach could
greatly increase donor compatibility. Another potential application of HLA modification

is in the treatment of HLA-associated diseases such as AS. In 2012, the first study
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using autologous hematopoietic stem cells (HSCs) for treating ankylosing spondylitis
were reported by Britanova et al [374]. Recently, CRISPR-mediated gene editing
HSCs has been approved by the FDA for treatment of genetic blood diseases,
including sickle cell disease [375] or B-thalassemia [376]. These clinical trials have
started new promising approaches which could be applied in the treatment of severe

autoimmune diseases using HSC transplantation.

In summary, this is the first study reported using the CRISPR/Cas9 system for the
modification of HLA-B27 heavy chain to introduce single amino changes. My system,
consisted of Cas9 RNP and donor template, precisely modifying the human HLA-
B*27:05 sequence and successfully facilitating insertion of desired mutations into the
target region. Off-target analysis indicated that indels were also not detected at the

screened off-target locus of sg272F.

Data indicates that the C67S mutation of HLA-B*27:05 has led to a slight reduction in
the expression of this heavy chain at the cell surface and reduced misfolding events
of HLA-B27 molecules. On the other hand, HLA-B*27:05 and 09 exhibit similar levels
of homodimers as well as cell surface expression. For future work, peptidome analysis
and maturation analysis can be considered to determine the full extent of the
differences between HLA-B*27:09 and 05 and perhaps reveal potential mechanisms
of association/non-association with AS. When the AS disease mechanism is
elucidated, my study may form the foundation for applying CRISPR/Cas9 technology

to treat AS.
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CHAPTER 6
CONCLUSIONS
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Chapter 6 Conclusions

6.1 General discussion

Thus far, this study demonstrated successful applications of CRISPR/Cas9-mediated
knock-in with respect to modifying MHC-1 — peptide complexes. The first of these
involved modifying the actual peptide cargo which was achieved by initially evaluating
the expression of PLB constructs in B2M-deficient cells (1.1). By applying the data
from the PLB analysis and developing the methodology, exogenous peptides could be
potentially loaded into MHC-I by CRISPR-Cas9; (1.2). Furthermore, | employed
CRISPR-Cas9 to introduce mutations within HLA-B*27:05 and evaluate their
biochemical characteristics. These above studies were assessed for their potential off-
target effects by deep sequencing to evaluate their safety as possible therapeutic

tools.

Within chapter 3 | had established the first PLB containing peptides derived from
SARS-CoV-2 virus. Both PLB-N325-333—(GGGGS)3 and PLB-S269-277-Gs(SGG)3 proteins
were found to rescue the expression of surface MHC-I, especially their antigen-specific
HLA i.e. HLA-A*02, in B2M-deficient cells. These PLB constructs were the premise for
the development of a CRISPR-mediated system that precisely inserted the peptide
and linker into the human B2M locus. In chapter 4, optimized CRISPR systems were
developed which included the RNP of Cas9 nuclease and sgRNAs targeting exon 1 of
the B2m locus, along with megamer donor templates containing sequences of peptide,
linker and homology arms. While most CRISPR studies normally use short donor
templates to facilitate the insertion of a few nucleotide changes, | exploited the
megamer donor template to knock-in long DNA sequence (about 75 nucleotide) into

the target-site. Although the Ns25-333-(GGGGS)s sequence was successfully integrated
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into the endogenous B2M allele, the PLB-N325333—(GGGGS)s molecules were not
expressed at the expected size by gene-edited cells. Based on the cDNA analysis, the
lack of PLB-N325-333—(GGGGS)3 was explained by the intron-exon splicing process as
the linker-peptide sequence had introduced intronic motifs which could lead to the
removal of peptide and linker sequences from the mRNA of the overall PLB sequence.
Thus, intronic sequences should be taken into consideration and location of insertion
when designing donor DNA templates. Additionally, it is necessary to develop
techniques to identify the precise intron-exon splice sequences among several

possible sites and remove unwanted sequences.

Using the information and restrictions from attempts to knock-in the PLB-N325.333—
(GGGGS)ssequence, all the intron motifs within the S2e9-277-Gs(SGG)3 donor template
were replaced by silent mutations before successful knock-in of the target region was
achieved. The PLB-S269-277-Ge(SGG)3 proteins was found to be expressed with the
expected size and had assembled with endogenous HLAs which appear to be
presented at the cell membrane. In conclusion, specific-peptides can be introduced
into B2M via CRISPR/Cas9 to produce PLB molecules which facilitate MHC-I peptide

presentation.

With the special characteristics of PLB, this technology can be applied in the
biomedical field. In previous studies, the SCT platform has been proposed as a
composite vaccine targeting multiple aspects of immunity against viruses such as
West Nile or Listeria monocytogenes virus [189, 377]. Compared to SCTs, the PLB
protein is smaller in size due to the lack of heavy chain, therefore, it is more convenient
for packaging into vector plasmids as well as reducing the toxicity for cells during

delivery. Based on precise algorithms, NetMHCpan or IEDB can predict pathogenic

242



Dinh Dung Nguyen Northumbria University

peptides for each HLA type. Taking advantage of these algorithms, the design of PLB
platforms carrying desired peptides, of proposed high affinity and specific to
endogenous patient HLA-I, increases the feasibility of developing personalized
vaccines. In the case of low-affinity peptides, CRISPR-mediated knock-in of PLB can
possibly generate stable expression of PLB on APCs such as DCs. The use of DCs
expressing PLB is a promising approach to presenting antigens to activate tumor-

specific T cells.

The chapter 5 in this thesis | demonstrated the use of CRISPR/Cas9-mediated
modification of HLA-B*27:05. All three amino acid changes; C67S, C101S and D116H
were successfully introduced into the cDNA of HLA-B*27:05 using the CRISPR/Cas9
system with different sgRNA and corresponding ssODN donor templates. The C67S
and D116H mutations were introduced with a view for future potential therapeutic
development. The C101S mutation was used as a control for introducing a misfolded
version of HLA-B27. Whist the introduction of C67S within HLA-B27 can potentially
reduce misfolding events and still maintain the presence of this heavy chain on cell
surface, that of D116H switches HLA-B*27:05 to the HLA-B*27:09 subtype, which is a
non-AS-associated HLA allele. This is the first study using the CRISPR/Cas9 system
for the modification of HLA class | heavy chains and opens a promising approach for

applying CRISPR/Cas9 technology in manipulating immune responses.

Before translating the manipulation from bench to bed, it is necessary to evaluate the
feasibility of therapy on HLA-B27 transgenic rat mode. Previous studies have
demonstrated that healthy rat receiving engraftment of bone marrow cells from HLA-
B27 transgenic rat can develop AS-like conditions [116]. Thank to recent advancement

in gene-editing, the genetics of bone marrow cells or HSCs can be modified before
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transplantation [378]. Based on that, the CRISPR-mediated C67S and D116H
modification can be applied on HSCs of HLA-B27 rat and subsequently transplant the
gene-edited engraftment back to evaluate the manifestation of AS. If the disease is
driven by misfolding hypothesis, the recovery or slow disease progression is expected
to be observed on HLA-B27.C67S rat model. On the other hand, D116H modifications
which introduce the changing in the peptide binding pocket of HLA-B27 molecule, is
expected to prevent the presentation of AS-related arthritogenic peptide and reduce
autoimmune responses. Evaluation of immune responses is also extremely critical
because genetic modification of HLA class | also bring the risk of generating novel T

cells responses and potentially triggering NK cells.
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6.2 Limitations and future work

Although either single base substitutions or long nucleotide sequences have been
successfully inserted into genomic DNA via CRISPR/Cas9 technology in this study,
there are still changes that can be applied to reduce the off-target effects and enhance
HDR efficiency by altering delivery options or Cas9 variants. Firstly, a combination of
Cas9 RNP and AAV serotype 6 for donor template delivery has led to efficient HDR in
human T cells and hematopoietic stem and progenitor cells (HSPCs) [293, 379].
Therefore, the CRISPR-Cas9/AAV6 approach can be applied to introduce PLB into
the B2M locus or nucleotide substitutions into HLA alleles in patient-derived HSPCs.
Second, to overcome the concern of off-target effects, different versions of sgRNAs
and Cas9 nuclease has been developed. For instance, sgRNA with two additional G
nucleotides at the 5 end has been demonstrated to discriminate off-target sites
effectively [352]. Another strategy to minimize off-target activities is to use the high-
fidelity SpCas9 mutant with a single point mutation, p.R691A [380]. As mentioned in
1.2.2.1, Cas9 nickase, containing mutations within the nuclease domains RuvC
(D10A) or HNH (H840A), only induce singe-stranded breaks which are more favorable
for repair by the base excision repair pathway so it can lead to fewer indels than the
original Cas9 nuclease [381]. Most recently, Chu and his colleagues have established
a “spacer-nick” CRISPR/Cas9P194 system to improve suitability and safety for gene
therapy [382]. This system was developed based on a combination of Cas9PoA
nickase, a pair of PAM-out sgRNA at long (>200 bp) spacer distances and an AAV6
donor template. The spacer-nick system has been applied to repair disease-related

mutations occurring within the ELANE, HBB, IL7R and PRF1 genes, the results of
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which have demonstrated HDR efficiencies of 20-50% with minimal indel mutations at

the target site.

To minimize the components needed to be delivered for CRISPR/Cas9-mediated
gene-editing purposes, many groups has fused different proteins into the Cas9
nuclease to achieve precise DNA changes without requiring DSBs or exogenous
donor DNA repair templates. For example, a single-stranded DNA deaminase enzyme
has been fused with an impaired Cas nuclease (which cannot generate DSBs) to form
new platforms called base editors including adenine base editor (ABE) and cytosine
base editor (CBE). ABEs and CBEs can install four transition mutation (T->C, G2>A,
C->T, A>G) and have been applied to introduce DNA modifications in different cell
types and organisms [383]. However, the platform cannot perform eight transversion
mutations such as A>T or C->G which would have been required in this study when
introducing the respective C67S and D116H mutations within HLA-B*27:05. Liu’'s
study [314], used sgRNAs which were engineered to contain a sequence used as a
template for reverse transcription (RT) and was known as a primer editor sgRNA
(pegRNA). The RT template of pegRNA was complementary to 5’ non-editing DNA
and works as a primer for DNA elongation. The newly synthesized single-strand DNA
(ssDNA) contained edited sequences which were ligated to the parental DNA to form
a heteroduplex. DNA repair mechanisms would convert the heteroduplex to the
permanently edited DNA. The PE approach exhibited successful gene-editing wiithin
different cell lines including HEK293, K562 and HeLa. Compared to base editing, PE
has a huge advantage in introducing more types of base changes or mutations.
Compared to the homologous directed repair (HDR) approach by Cas9, sgRNA and

single-stranded oligo (ssODN), gene-edit efficiency of PE was similar but the
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percentage of indel mutations was far lower. Therefore, PE is a promising gene-editing
method, especially with potential clinical applications, which is required to minimize

side effects.

The PLB constructs described in this thesis have been proven to be highly expressed
and functional, but there is still space for improvement. Although both linkers
Ges(SGG)3 and (GGGGS)s have been shown to be effective flexible linkers for joining
domains requiring a certain degree of interaction or movement [384], linker Ge(SGG)3
have been shown to exhibit a greater ability in enhancing the expression of surface
MHC-I molecules containing PLB-Sz269-277 than the (GGGGS)s linker. The experiments
could be repeated using different peptides with the above linkers before confirmation
of their contribution to expression and function of PLB molecules. On the other hand,
some Gly and Ser residues within the linkers could be replaced by other amino acids
such as Ala and Thr to maintain flexibility, or polar amino acids such as Glu and Lys
to enhance solubility [385]. Moreover, the copy number “n” of the (GGGGS)n and
Ges(SGG)n linkers could be adjusted to achieve the optimal length of these GS linkers
with respect to fulfilling the optimal distance between the B2M protein and MHC-I

binding groove to allow efficient peptide presentation.

The function of PLB molecules was expected to stimulate antigen-specific T-cells and
could be evaluated via cytokine production and cytotoxicity. First, enzyme-linked
immune absorbent spot (ELISPOT) is a quantitative method for detecting T-cell
activation through secreted effector molecules and cytokines, such as IFN-y,
granzyme B and perforin after exposure to specific peptide-MHC complexes [386].
The first step in an ELISPOT assay would be the co-culturing of CD8+ T cell with cells

expressing PLB over 24-48 hours followed by capturing cytokines secreted into the
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growth medium on plates coated with antibodies to the corresponding cytokine. The
amounts of cytokines would indicate whether the cell line expressing the PLB - MHC-
| complex could stimulate antigen-specific T-cells. An alternative approach would be
to use a traditional cytotoxic T cell assay i.e., the >1Cr release assay, where target cells
are labelled with the radioactive chromium and incubated with antigen-specific T cells.
Under the cytolytic activity of CTL cells, the 51Cr would be released from the cytoplasm

of killed cells into media and quantified.

An obvious next stage in my study would be to determine the spectrum of peptides
presented by gene-edited MHC molecules for those expressing the inserted PLB as
well as the modified HLA-B27 molecules. For the PLB study, the details of eluted
peptides can reveal the stability of the PLB via its effects on peptidomes presented by
specific HLA molecules. With respect to the HLA-B27 project, it would be of interest to
know the peptidome differences between cell lines expressing HLA-B*27:05, HLA-
B*27:05-C67S and HLA-B*27:09. Any significant differences in peptide presentation,
especially if novel peptides were determined, would potentially be detrimental in any

potential therapeutic application.

Having successfully modified the HLA-B*27:05 cDNA via CRISPR/Cas9 editing, the
next step would be to apply these systems to the genomic HLA-B*27:05 sequence.
While the designed sgRNA targeting Cys®’ (sg278F) and Asp!'® (sg426F) are still
suitable for targeting the desired regions within the HLA-B*27:05 genomic sequence,
the donor template introducing the C67S and D116H modifications would require re-
designing to include new homology arms containing intron and exon sequences of

HLA-B*27:05. An optimal CRISPR/Cas9 system targeting genomic alleles will enable
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the future application of this approach with respect to editing HLA-B27 for therapeutic

use.
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6.3 Final remarks

Thus far, this thesis presents CRISPR/Cas9 technology harnessed to introduce
desired modifications into different components of the MHC-I complex. Two
independent approaches were developed; (1) generation of stably expressed PLB
molecules via the insertion of peptide-linker sequences into the B2M locus, and (2) the
establishment of genetically modified HLA-B*27:05 molecules expressing C67S,
C101S or D116H. In this thesis, three desired peptides and linkers have been
successfully knocked-in to exon 1 of the B2M locus in HEK cells, with the PLB-S26o0-
277-Ge(SGG)3 protein being expressed and forming MHC-I complexes with HLA class

| heavy chain.

To improve the work, several future experiments need to be conducted, including:

1. Optimizing the gene-editing method using different CRISPR/Cas9 platforms,
such as Spacer-nick, Primer editor or Base editor, as well as different forms of
donor template and delivery such as using viral vectors.

2. ldentification of the optimal type and length of linker to maintain the binding
between peptide and B2M to ensure the flexibility of peptide for capture by the
binding groove of MHC-I molecules.

3. Applying CRISPR-Cas9 to introduce mutations within the genomic HLA-
B*27:05 sequence and fully evaluate their biochemical characteristics with
respect to monomeric heavy chain folding, ability to aggregate and associate
with the MHC-1 assembly pathway.

4. Peptide analysis of gene-edited cells to investigate potential changes in the

spectrum of peptides presented by MHC-I molecules associating with the wt
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B2M and PLB proteins, and between cells expressing HLA-B*27:05 and HLA-
B*27 mutations.

5. Evaluate the function of PLB molecules to stimulate antigen-specific T-cells
using such assays as the ELISPOT assay to examine cytokine production and
51Cr release assay to determine cytotoxicity.

6. Generating iPSC cells stably expressing PLB introduced by CRISPR/Cas9
systems and differentiating gene-edited iPSC to iDC which can present desired

antigens and provide stimulatory signals for the maturation of T cells.
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Figure 6.1. CRISPR-mediated modifications of MHC-I complexes and their potential applications.
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MHC-1 complexes consist of three components: the HLA-I heavy chain, light chain B2m
and peptide. Using Cas9 RNP and donor template, a peptide and linker can be fused into
the B2M loci to produce PLB proteins and nucleotide substitutions can be introduced into
the HLA class | heavy chain. CRISPR/Cas9-mediated modifications of MHC-I complexes
are promising approaches for developing new immunotherapies and treatments for HLA-
related diseases. (i) Induced pluripotent stem cells (iPSC) are potential candidates for
PLB knock-in as these cell types can be differentiated to DCs. Gene-edited DCs
containing PLB with the desired peptides would be expected to stimulate antigen-specific
T cells and direct the immune response against target pathogens or tumors. (ii)
Modification of HLA class | heavy chains can be applied in vivo or ex vivo for treatment
of HLA associated diseases. (iii) Gene-editing technology could be exploited to switch
between HLA subtypes which are extremely meaningful to overcome current HLA barriers

in transplantation.
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Appendix 1: List of chemicals

Northumbria University

Product Name Supplier Catalogue Number
2-Mercaptoethanol Sigma-Aldrich M6250-100ML
Acrylamide Sigma-Aldrich 01697-500ML

Alt-R CRISPR-Cas9 crRNA

Integrated DNA

Technologies

Alt-R CRISPR-Cas9 tracrRNA

Integrated DNA

Technologies

Alt-R® Cas9 Electroporation Integrated DNA 1075915
Enhancer, 2 nmol Technologies

Alt-R® S.p. Cas9 Nuclease V3, 100 | Integrated DNA 1081058
ug Technologies

Amaxa Cell line Nucleofector Kit R | Lonza VVCA-1001
Amaxa Cell line Nucleofector KitV | Lonza VCA-1003
Ammonium persulfate Merck 7727-54-0
Ampicillin Sigma-Aldrich A9393
AMPure XP beads Beckman A63880
Anti-GAPDH antibody Abcam ab9485
BamHI New England Biolabs R0136S
cOmplete™ Protease Inhibitor Roche Applied 11697498001
Cocktail Science

Dithiolthretol (DTT) Merck PCG3005
Dimethyl sulfoxide Merck 200-664-3
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dNTP Set 100 mM Solutions Thermo Scientific™ R0181

EcoRl New England Biolabs R0101S

Ethidium bromide solution Merck E1510-10ML

Ethylenediaminetetraacetic acid Sigma-Aldrich 60-00-4

Fetal Bovine Serum Thermo Scientific™ 16000044

Gibco™ DMEM, high glucose, Gibco 11-995-040

pyruvate

HEPES Merck H3375-25G

IDTE pH 7.5 (1X TE Solution) Integrated DNA 11-01-02-02
Technologies

IFN-g

jetPRIME Polyplus 101000046

LB agar Merck L2897

LB broth Merck L3022

L-glutamine Gibco 25030081

Lipofectamine™ CRISPRMAX™ Thermo Scientific™ CMAX00003

Cas9 Transfection Reagent

Magnesium Chloride Merck 1374248

N,N,N',N'- Merck 411019-100ML

Tetramethylethylenediamine

NEBuilder HiFi DNA Assembly

Master Mix

New England Biolabs

E2621L
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Nextara XT DNA sample lllumina FC-131-1096
preparation kit
N-methylmaleimide Merck 389412-5G
NP-40 US Biological 9036-19-5
Nuclease-Free Duplex Buffer Integrated DNA 11-01-03-01
Technologies
Nuclease-Free Water Merck W4502-1L
NZY Speedy Miniprep Nzytech MB21001
Opti-MEM™ medium Thermo Scientific™ 31985062
Orange DNA Loading Dye (6X) Thermo Scientific™ R0631
PBS Thermo Scientific™ 10010023
Penicillin/Streptomycin Thermo Scientific™ 15140122
Phenylmethylsulfonyl fluoride Merck 52332
Ponceau S Merck P3504
Proteinase K Merck 1.24568
PureLink™ Genomic DNA Mini Kit | Thermo Scientific™ K182001
Q5 High-Fidelity 2X Master Mix New England Biolabs MO0492S
QIAGEN Plasmid Midi Kit QIAGEN 12143
QIAquick Gel Extraction Kit QIAGEN 28706X4
QIAshredder spin column QIAGEN 79656
QuickExtract™ DNA Extraction Lucigen QE09050

Solution
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QuikChange Site-Directed Agilent 200523

Mutagenesis Kit

RNeasy Mini kit QIAGEN 74106
RPMI Thermo Scientific™ 11875176
Skimmed milk powder Great Value 9205097
Sodium chloride Merck S9888-500G
SuperSignal™ West Femto Thermo Scientific™ 34095

Maximum Sensitivity Substrate

SYBR gold Thermo Scientific™ S11494
SYBR safe Thermo Scientific™ S33102
T4 DNA Ligase Promega M1801

T7EIl nuclease New England Biolabs M0302S
TAE (Tris/Acetic Acid/EDTA) Buffer | Bio-rad 1610743
Tag DNA Polymerase with New England Biolabs MO0273X

Standard Taq Buffer

The prestained protein ladder Thermo Scientific™ 26616
PageRuler

ThemoScript™ RT Thermo Scientific™ 18090010
Trypan blue Thermo Scientific™ 15250061
Trypsin-EDTA Thermo Scientific™ 25200056
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Appendix 2: List of equipment

Equipment name Brand Model

Bacterial Incubation Thermo Heratherm™ Compact
Scientific™ Microbiological Incubator

Biological Safety Thermo 1300 Series A2 Class Il Type A2

Cabinet Scientific™

Cell Centrifuge Eppendorf 5424R

CO2 Incubators Thermo Forma™ Series 3 Water
Scientific™ Jacketed CO2 Incubator

Cold Centrifuge Eppendorf 5810R

DNA Electrophoresis | Bio-rad Mini-Sub Cell GT Systems

Cells

Flow Cytometry BD BD FACSCanto™ Il Clinical Flow

System Cytometry System

Gel imaging Syngene G:BOX F3

Magnetic stand Thermo DynaMag™-2 Magnet
Scientific™

NanoDrop One Thermo ND-ONE-W
Scientific™

Nucleofetor Lonza Amaxa Nucleofetor

PCR machine Bio-rad C1000 Touch Thermo Cycler

PCR machine Eppendorf Mastercycler™ Nexus Thermal

Cycler

Precision™ General Thermo TSGPO02

Purpose Bath Scientific™

Protein Bio-rad Mini-PROTEAN System

Electrophoresis

Equipment
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Appendix 3: Plasmid map and sequence retrieval

Supplement Data 1. Map of pCR3 and pcDNA™5/FRT Vector.

The figure summarizes the feature s of the pCR3 vector (A) and pcDNA™5/FRT Vector

(B).
A

ORF frame 2
Ampicillin

PBABE_3_primer
SV40_promoter
SV40_origin
SV40pro_F_primer
Stul (3209)

Clal (3188)

f1_origin
AMpR_promoter

Narl (3028)
Mscl (2948)
ORF frame 3
ORF frame 1

5060 bp

CAG_enhancer
Ndel (259)

T7_promoter
Nhel (670)
Hindlll (686)

CMV_immearly_promis(| (596)

CMV_fwd_primer

TK_PA_terminator
BsiBl (2352)

BamHI (704)
Psil (752)

EcoRV (755)

Notl (770)

Xhol (776)

Xbal (782)

Apal (792)
BGH_rev_primer
bGH_PA_terminator

pBR322_origin

pUC ori
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Supplement Data 2. Protein sequence of B2M, HLA-B*27:05, S protein and N protein of
SARS-CoV-2 virus.

Name

Protein Sequence

B2M

MSRSVALAVLALLSLSGLEAIQRTPKIQVYSRHPAENGKSNFLNCYVSGFHPSDIEVDLLKNGERIEKVEHSDLS
FSKDWSFYLLYYTEFTPTEKDEYACRVNHVTLSQPKIVKWDRDM

HLA-
B*27:05

MRVTAPRTLLLLLWGAVALTETWAGSHSMRYFHTSVSRPGRGEPRFITVGYVDDTLFVRFDSDAASPREEPR
APWIEQEGPEYWDRETQICKAKAQTDREDLRTLLRYYNQSEAGSHTLONMYGCDVGPDGRLLRGYHQDAYD
GKDYIALNEDLSSWTAADTAAQITQRKWEAARVAEQLRAYLEGECVEWLRRYLENGKETLQRADPPKTHVTH
HPISDHEATLRCWALGFYPAEITLTWQRDGEDQTQDTELVETRPAGDRTFQKWAAVVVPSGEEQRYTCHVQ
HEGLPKPLTLRWEPSSQSTVPIVGIVAGLAVLAVVVIGAVVAAVMCRRKSSGGKGGSYSQAACSDSAQGSDV
SLTA

S protein

MFVFLVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHAIHVSGTN
GTKRFDNPVLPFNDGVYFASTEKSNIIRGWIFGTTLDSKTQSLLIVNNATNVVIKVCEFQFCNDPFLGVYYHKNN
KSWMESEFRVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIYSKHTPINLVRDLPQGFSA
LEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLS
ETKCTLKSFTVEKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNS
ASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKV
GGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSFELL
HAPATVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSF
GGVSVITPGTNTSNQVAVLYQDVNCTEVPVAIHADQLTPTWRVYSTGSNVFQTRAGCLIGAEHVNNSYECDIPI
GAGICASYQTQTNSPRRARSVASQSIIAYTMSLGAENSVAYSNNSIAIPTNFTISVTTEILPVSMTKTSVDCTMYI
CGDSTECSNLLLQYGSFCTQLNRALTGIAVEQDKNTQEVFAQVKQIYKTPPIKDFGGFNFSQILPDPSKPSKRS
FIEDLLFNKVTLADAGFIKQYGDCLGDIAARDLICAQKFNGLTVLPPLLTDEMIAQYTSALLAGTITSGWTFGAGA
ALQIPFAMQMAYRFNGIGVTQNVLYENQKLIANQFNSAIGKIQDSLSSTASALGKLQDVVNQNAQALNTLVKQL
SSNFGAISSVLNDILSRLDKVEAEVQIDRLITGRLQSLQTYVTQQLIRAAEIRASANLAATKMSECVLGQSKRVD
FCGKGYHLMSFPQSAPHGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPREGVFVSNGTHWFVTQRNFYEP
QIUTTDNTFVSGNCDVVIGIVNNTVYDPLQPELDSFKEELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNE
VAKNLNESLIDLQELGKYEQYIKWPWYIWLGFIAGLIAIVMVTIMLCCMTSCCSCLKGCCSCGSCKFDEDDSEP
VLKGVKLHYT

N protein

MSDNGPQNQRNAPRITFGGPSDSTGSNQNGERSGARSKQRRPQGLPNNTASWFTALTQHGKEDLKFPRGQ
GVPINTNSSPDDQIGYYRRATRRIRGGDGKMKDLSPRWYFYYLGTGPEAGLPYGANKDGIIWVATEGALNTPK
DHIGTRNPANNAAIVLQLPQGTTLPKGFYAEGSRGGSQASSRSSSRSRNSSRNSTPGSSRGTSPARMAGNG
GDAALALLLLDRLNQLESKMSGKGQQQQGQTVTKKSAAEASKKPRQKRTATKAYNVTQAFGRRGPEQTQGN
FGDQELIRQGTDYKHWPQIAQFAPSASAFFGMSRIGMEVTPSGTWLTYTGAIKLDDKDPNFKDQVILLNKHIDA
YKTFPPTEPKKDKKKKADETQALPQRQKKQQTVTLLPAADLDDFSKQLQQSMSSADSTQA
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Supplement Data 3. Amino acid sequences of used PLB proteins

TIHDIILECV

(GGGGS)3

TACTCTCTCTTTCTGGCCTGGAGGCTACTATACATGATATAATA

TTAGAATGTGTGGGAGGTGGAGGTTCAGGAGGTGGAGGATCA
GGAGGTGGTGGATCAATCCAGCGTACTCCAAAGATTCAGGTT

TAC

TIHDIILECV

G6(SGG)3

TACTCTCTCTTTCTGGCCTGGAGGCTACCATCCACGACATCAT
CCTGGAGTGCGTGGGAGGTGGAGGTGGAGGTTCAGGAGGTT
CAGGTGGATCAGGAGGTATCCAGCGTACTCCAAAGATTCAGG

TTTAC

GMSRIGMEV

(GGGGS)3

TACTCTCTCTTTCTGGCCTGGAGGCTGGAATGTCGCGCATTG
GCATGGAAGTCGGAGGTGGAGGTTCAGGAGGTGGAGGATCA
GGAGGTGGTGGATCAATCCAGCGTACTCCAAAGATTCAGGTT

TAC

YLQPRTFLL

(GGGGS)3

TACTCTCTCTTTCTGGCCTGGAGGCTTATCTTCAACCTAGGAC
TTTTCTATTAGGAGGTGGAGGTGGAGGTTCAGGAGGTTCAGG

TGGATCAGGAGGTATCCAGCGTACTCCAAAGATTCAGGTTTAC
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Supplement Data 4. Tables of gBlock sequences containing peptides and linkages

YLQPRTFLL

G6(SGG)3

Sense-GA.A2/S268-277:

TAATAGAAAAGTCCTAGGTTGAAGATAAGCCTCCAGGC

CAGAAAGAGAGAGTAGCGCGAG

AntiSense-GA.A2/S268-277:
TATCTTCAACCTAGGACTTTTCTATTAGGAGGTGGGGG

ATCAGGAGGTGGGGGATCAGGA

TIHDIILECV

G6(SGG)3

Sense-GA.A2/HPV.EG6 (optimised):
CACGCACTCCAGGATGATGTCGTGGATGGTAGCCTCCA

GGCCAGAAAGAGAGAGTAGCGC

AntiSense-GA.A2/HPV.EG6 (optimised):
ACCATCCACGACATCATCCTGGAGTGCGTGGGAGGTG

GGGGATCAGGAGGTGGGGGATCAGGA
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Supplement Data 5. Detail of donor templates used for facilitating HDR of PLB.

Sequences of

blue, respectively.

, peptides and linkers were highlighted in yellow, brown and

Name Type Length  Sequence
(bp)
dsODN.B2M.Silen  gBlock 135 gacagcattcgggeegag tctago’a
tM gtgagtctctcctaccctecegetetggtecttectctecegetetgeac
dsODN.E629- gBlock 199 ag actatacatgatataa
38/(GGGGS)3 tattagaatgtgtgggaggtgggggatcaggaggtgggggatcaggaggtgggggatca gtgagtc
tctectacecteecgetetggtecttecteteecgetetgeacectcet
SSODN.E629- Megamer 450 tgcgtcgctggcttggagacaggtgacggtecctgegggccttgtectgattggetgggcacgegtttaatataag
38/((3 GGGS)3 tggaggcgtcgegetggegggcattectgaagetgacageattcgggecga
actatacatgatataatattagaatgtgtgggaggtgggg
gatcaggaggtgggggatcaggaggtgggggatca gtgagtctctcctaccctcecgetetggtectt
cctetecegetetgeaccctetgtggecctegetgtgetctetegetecgtgactteecttctecaagttetecttggt
ggccegeegtggggctagtccagggctggatctcggggaageggeggegtggcctgggagtggggaag
SSODN.E629- Megamer 484 tctctctaacctggeactgegtegetggettggagacaggtgacggteectgegggecttgtectgattggetggg
38/G6(SGG)3 cacgcgtttaatataagtggaggcegtcgegetggegggcattectgaagetgacageattegggecga
accatccacgacatcatcctgga
gtgcgtgggaggtggaggtggaggttcaggaggttcaggtggatcaggaggt gtgagtctctcctac
cctecegetetggtecttectctecegetetgeacectetgtggecctegetgtgetetetegetecgtgactteectt
ctccaagttctecttggtggeccgecgtggggctagtccagggetggatcteggggaageggeggggteggectgg
gagtggggaagggegtgegeacceggga
SSODN.Nazs. Megamer 481 tctctctaacctggeactgegtegetggettggagacaggtgacggteectgegggecttgtectgattggetggg
333/(GGGGS)3 cacgcgtttaatataagtggaggcegtcgegetggegggcattectgaagetgacageattegggecga
ggaatgtcgegcattggeatgga
agtcggaggtgggggatcaggaggtgggggatcaggaggtgggggatca gtgagtctctcctaccct
cccgetetggtecttectcteecgetetgeaccctetgtggeectegetgtgetetetegeteegtgactteecttcte
caagttctccttggtggeecgecgtggggcetagtccagggetggatctcggggaageggeggggtggectggga
gtggggaaggggstgcgcacccggga
SSODN.S260- Megamer 481 tctctctaacctggeactgegtegetggettggagacaggtgacggteectgegggecttgtectgattggetggg
277/1G6(SGG)3 cacgcgtttaatataagtggaggegtegegcetggegggcattectgaagetgacagceattegggecga

tatcttcaacctaggacttttctat
taggaggaggaggaggaggatcaggaggatcaggaggatcaggagga gtgagtctctcctaccctc
ccgctetggtecttectctcecegetetgeaccctetgtggecctegetgtgetctetegetecgtgactteccttetee
aagttctecttggtggeecgecgtggggctagtccagggetggateteggggaageggeggggtggectgggag
tggggaagggggtgcgeacceggga
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Appendix 4: Data analysis

Supplement Data 6. Flow-cytometry analysis of MHC-I expression

Hek uTC pCR3 pCR3 | pCR3- pCR3- pCR3- pCR3-
-B2m | A2.HPV- A2.Covid. | A2.Covid. | A2.Covid.S
GGGGSx | N- S- -
3-B2m GGGGSx3 | GGGGSx | Gx6.SGGx
-B2m 3-B2m 3-B2m
Number | 3 3 3 3 3 3 3 3
of
values
Minimu 97.63 0.47 0.23 70.49 | 28.43 40.22 38.08 41.97
m
Maximu | 99.64 1.24 0.44 91.9 36.17 41.69 41.74 52.29
m
Range 2.01 0.77 0.21 21.41 | 7.74 1.47 3.66 10.32
Mean 98.83 0.736 | 0.33 82,51 | 31.85 41.02 39.86 47.88
7

Std. 1.062 0.436 | 0.1054 | 10.94 | 3.948 0.7427 1.832 5.321
Deviatio 2
n
Std. 0.6132 | 0.251 | 0.0608 | 6.319 | 2.279 0.4288 1.058 3.072
Error of 8 3
Mean
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Number of families 1

Number of comparisons per family 28

Alpha 0.05

Tukey's multiple comparisons test Mean Diff.|95.00% C|Below thre] Summary |Adjusted P
Hek vs. UTC 98.1({84.10 to 11Yes i <0.0001
Hek vs. pCR3 98.5|84.50 to 1]Yes Frkk <0.0001
Hek vs. pCR3-B2m 16.32(2.324 to 3(Yes * 0.0175
Hek vs. pCR3-A2.HPV-GGGGSx3-B2m 66.98(52.98 to 8(Yes ool <0.0001
Hek vs. pCR3-A2.Covid.N-GGGGSx3-B2m 57.82(43.82 to 7]Yes ookl <0.0001
Hek vs. pCR3-A2.Covid.S-GGGGSx3-B2m 58.97(44.97 to 7]1Yes ool <0.0001
Hek vs. pCR3-A2.Covid.S-Gx6.SGGx3-B2m 50.95(36.95 to 61 Yes i <0.0001
UTC vs. pCR3 0.4067|-13.59 to I1No ns >0.9999
UTC vs. pCR3-B2m -81.77(-95.77 to -| Yes Fhkk <0.0001
UTC vs. pCR3-A2.HPV-GGGGSx3-B2m -31.11(-45.11 to -|Yes Fokkk <0.0001
UTC vs. pCR3-A2.Covid.N-GGGGSx3-B2m -40.28|-54.28 to -|Yes el <0.0001
UTC vs. pCR3-A2.Covid.S-GGGGSx3-B2m -39.13|-53.13 to -|Yes ool <0.0001
UTC vs. pCR3-A2.Covid.S-Gx6.SGGx3-B2m -47.14]-61.14 to -|Yes kil <0.0001
pCR3 vs. pCR3-B2m -82.18(-96.18 to -| Yes ko <0.0001
pCR3 vs. pCR3-A2.HPV-GGGGSx3-B2m -31.52|-45.52 to -|Yes rrxx <0.0001
pCR3 vs. pCR3-A2.Covid.N-GGGGSx3-B2m -40.69|-54.69 to -|Yes il <0.0001
pCR3 vs. pCR3-A2.Covid.S-GGGGSx3-B2m -39.53|-53.53 to -|Yes rrrx <0.0001
pCR3 vs. pCR3-A2.Covid.S-Gx6.SGGx3-B2m -47.55|-61.55 to -|Yes ool <0.0001
pCR3-B2m vs. pCR3-A2.HPV-GGGGSx3-B2m 50.66(36.66 to 61Yes rrxx <0.0001
pCR3-B2m vs. pCR3-A2.Covid.N-GGGGSx3-B2m 41.49|27.49 to 5 Yes il <0.0001
pCR3-B2m vs. pCR3-A2.Covid.S-GGGGSx3-B2m 42.65|28.65 to 5{Yes rrrx <0.0001
pCR3-B2m vs. pCR3-A2.Covid.S-Gx6.SGGX3-B2m 34.63[20.63 to 4{Yes il <0.0001
pCR3-A2.HPV-GGGGSx3-B2m vs. pCR3-A2.Covid.N-GGGGSx3-B2m -9.167(-23.17 to 4No ns 0.3517
pCR3-A2.HPV-GGGGSx3-B2m vs. pCR3-A2.Covid.S-GGGGSx3-B2m -8.013]-22.01 to §No ns 0.5029
pCR3-A2.HPV-GGGGSx3-B2m vs. pCR3-A2.Covid.S-Gx6.SGGx3-B2m -16.03|-30.03 to -| Yes * 0.02
pCR3-A2.Covid.N-GGGGSx3-B2m vs. pCR3-A2.Covid.S-GGGGSx3-B2m 1.153|-12.85 to 1No ns >0.9999
pCR3-A2.Covid.N-GGGGSx3-B2m vs. pCR3-A2.Covid.S-Gx6.SGGx3-B2m -6.863(-20.86 to 1No ns 0.6705
pCR3-A2.Covid.S-GGGGSx3-B2m vs. pCR3-A2.Covid.S-Gx6.SGGx3-B2m -8.017]-22.02 to §No ns 0.5025
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Supplement Data 7. Flow-cytometry analysis of HLA-A02 expression

Hek | UTC pCR3 pCR3 | pCR3- pCR3- pCR3- pCR3-
-B2m | A2.HPV- A2.Covid. | A2.Covid. | A2.Covid.S
GGGGSx | N- S- -
3-B2m GGGGSx3 | GGGGSx3 | Gx6.SGGx
-B2m -B2m 3-B2m
Number 3 3 3 3 3 3 3 3
of values
Minimum | 93.5 | 0.34 0.29 63.32 | 25.33 49.23 42.1 77.87
2
Maximum | 97.6 | 2.49 0.42 66.61 | 32.36 50.73 44.38 78.42
9
Range 417 | 2.15 0.13 3.29 | 7.03 15 2.28 0.55
Mean 96.1 | 1.21 0.37 65.35 | 29.35 49,98 43.2 78.12
Std. 2.25 | 1.132 | 0.07 1.773 | 3.622 0.75 1.142 0.2793
Deviation | 2
Std. Error | 1.3 0.653 | 0.0404 | 1.024 | 2.091 0.433 0.6596 0.1613
of Mean 6 1
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Compare column means (main column effect)

Number of families 1

Number of comparisons per family 28

Alpha 0.05

Tukey's multiple comparisons test Mean Diff.[95.00% C|Below thre] Summary |Adjusted P
Hek vs. UTC 94.89(89.64 to 1{Yes ool <0.0001
Hek vs. pCR3 95.73|90.48 to 1({Yes skl <0.0001
Hek vs. pPCR3-B2m 30.75|25.50 to 3{Yes il <0.0001
Hek vs. pCR3-A2.HPV-GGGGSX3-B2m 66.75(61.50 to 7{Yes il <0.0001
Hek vs. pCR3-A2.Covid.N-GGGGSx3-B2m 46.11(40.86 to 5] Yes ol <0.0001
Hek vs. pCR3-A2.Covid.S-GGGGSx3-B2m 52.9|47.65 to 5{Yes ool <0.0001
Hek vs. pCR3-A2.Covid.S-Gx6.SGGX3-B2m 17.98(12.73 to 2{Yes il <0.0001
UTC vs. pCR3 0.84(-4.409 to §No ns 0.9988
UTC vs. pCR3-B2m -64.14(-69.39 to -| Yes rxkk <0.0001
UTC vs. pCR3-A2.HPV-GGGGSx3-B2m -28.14|-33.39 to -| Yes ol <0.0001
UTC vs. pCR3-A2.Covid.N-GGGGSx3-B2m -48.77|-54.02 to -| Yes rkkk <0.0001
UTC vs. pCR3-A2.Covid.S-GGGGSx3-B2m -41.99|-47.24 t0 -| Yes il <0.0001
UTC vs. pCR3-A2.Covid.S-Gx6.SGGx3-B2m -76.91|-82.16 to -| Yes ol <0.0001
pCR3 vs. pCR3-B2m -64.98|-70.23 to -| Yes il <0.0001
pCR3 vs. pCR3-A2.HPV-GGGGSx3-B2m -28.98|-34.23 to -| Yes ol <0.0001
pCR3 vs. pCR3-A2.Covid.N-GGGGSx3-B2m -49.61|-54.86 to -| Yes il <0.0001
pCR3 vs. pCR3-A2.Covid.S-GGGGSx3-B2m -42.83|-48.08 to -| Yes ol <0.0001
pCR3 vs. pCR3-A2.Covid.S-Gx6.SGGx3-B2m -77.75|-83.00 to -| Yes il <0.0001
pCR3-B2m vs. pCR3-A2.HPV-GGGGSX3-B2m 36(30.75 to 4] Yes el <0.0001
pCR3-B2m vs. pCR3-A2.Covid.N-GGGGSx3-B2m 15.36(10.11 to 2{Yes Fokkx <0.0001
pCR3-B2m vs. pCR3-A2.Covid.S-GGGGSx3-B2m 22.15(16.90 to 2] Yes i <0.0001
pCR3-B2m vs. pCR3-A2.Covid.S-Gx6.SGGX3-B2m -12.77|-18.02 to -| Yes il <0.0001
pCR3-A2.HPV-GGGGSX3-B2m vs. pCR3-A2.Covid.N-GGGGSx3-B2m -20.63|-25.88 to -| Yes ol <0.0001
pCR3-A2.HPV-GGGGSxX3-B2m vs. pCR3-A2.Covid.S-GGGGSx3-B2m -13.85|-19.10 to -| Yes el <0.0001
pCR3-A2.HPV-GGGGSx3-B2m vs. pCR3-A2.Covid.S-Gx6.SGGx3-B2m -48.77(-54.02 to -| Yes Fokkx <0.0001
pCR3-A2.Covid.N-GGGGSx3-B2m vs. pCR3-A2.Covid.S-GGGGSx3-B2m 6.787|1.538 to 1] Yes ** 0.0078
pCR3-A2.Covid.N-GGGGSx3-B2m vs. pCR3-A2.Covid.S-Gx6.SGGx3-B2m -28.13|-33.38 to -| Yes il <0.0001
pCR3-A2.Covid.S-GGGGSx3-B2m vs. pCR3-A2.Covid.S-Gx6.SGGx3-B2m -34.92]-40.17 to -| Yes il <0.0001
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Supplement Data 8. Characterization of surface MHC-I expression on HEK-Nss.333-
(GGGGS)s cells

Below
Dunnett's multiple Mean 95.00% Cl threshold Adjusted
comparisons test Diff. of diff. ? Summary P Value A-?
29957 to HekB2mK
Hek vs. HekB2mKO 33841 37726 Yes HoAkk <0.0001 B 0]
5898 to HekA2-N-
Hek vs. HekA2-N-D3 9782 13667 Yes HARE <0.0001 C D3
17419 to HekA2-N-
Hek vs. HekA2-N-B2 21304 25188 Yes ok ok <0.0001 D B2
1864 to HekA2-N-
Hek vs. HekA2-N-C6 5749 9633 Yes *k 0.0035 E C6
23781 to HekA2-N-
Hek vs. HekA2-N-B4 27665 31550 Yes Hk A <0.0001 F B4
19281 to HekA2-N-
Hek vs. HekA2-N-A5 23165 27050 Yes ook ok <0.0001 G A5
Mean
Test details Mean1l Mean2 Diff. SE of diff. n1 n2 q DF
Hek vs. HekB2mKO 34243 402 33841 1334 3 3 25.38 14
Hek vs. HekA2-N-D3 34243 24461 9782 1334 3 3 7.335 14
Hek vs. HekA2-N-B2 34243 12940 21304 1334 3 3 15.97 14
Hek vs. HekA2-N-C6 34243 28495 5749 1334 3 3 4311 14
Hek vs. HekA2-N-B4 34243 6578 27665 1334 3 3 20.74 14
Hek vs. HekA2-N-A5 34243 11078 23165 1334 3 3 17.37 14
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Supplement Data 9. Characterization of surface HLA-B7 expression on HEK-Ns2s5.333-
(GGGGS)s cells

DEIVUW

Dunnett's multiple Mean 95.00% CI threshold Adjusted

comparisons test Diff. of diff. ? Summary P Value A-?
Hek vs. HekB2mKO 6228 5619 to 68 Yes Kok k <0.0001 B HekB2mKO
Hek vs. HekA2-N-D3 2470 1860 to 3CVYes HAkk <0.0001 C HekA2-N-D3
Hek vs. HekA2-N-B2 2706 2097 to 33 Yes Kok ok <0.0001 D HekA2-N-B2
Hek vs. HekA2-N-C6 1180 571.1to 1 Yes HkE 0.0002 E HekA2-N-C6
Hek vs. HekA2-N-B4 5657 5048 to 62 Yes HokAx <0.0001 F HekA2-N-B4
Hek vs. HekA2-N-A5 3820 3210to 44Yes Rk <0.0001 G HekA2-N-A5
Hek vs. HekA2-N-NS -448.3 -1058 to 1 No ns 0.2037 H HekA2-N-NS

Mean

Test details Meanl Mean2 Diff. SE of diff. n1 n2 q DF
Hek vs. HekB2mKO 6676 447.3 6228 208.4 3 3 29.89 16
Hek vs. HekA2-N-D3 6676 4206 2470 208.4 3 3 11.85 16
Hek vs. HekA2-N-B2 6676 3969 2706 208.4 3 3 12.99 16
Hek vs. HekA2-N-C6 6676 5495 1180 208.4 3 3 5.665 16
Hek vs. HekA2-N-B4 6676 1018 5657 208.4 3 3 27.15 16
Hek vs. HekA2-N-A5 6676 2856 3820 208.4 3 3 18.33 16
Hek vs. HekA2-N-NS 6676 7124 -448.3 208.4 3 3 2.152 16
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Supplement Data 10. Characterization of surface HLA-A02 expression on HEK-N32s.333-
(GGGGS)s cells

Dunnett's multiple
comparisons test

Hek vs.

Hek vs.

Hek vs.

Hek vs.

Hek vs.

Hek vs.

Hek vs.

HekB2mKO

HekA2-N-D3

HekA2-N-B2

HekA2-N-C6

HekA2-N-B4

HekA2-N-A5

HekA2-N-NS

Test details

Hek vs.
Hek vs.
Hek vs.
Hek vs.
Hek vs.
Hek vs.
Hek vs.

HekB2mKO

HekA2-N-D3
HekA2-N-B2
HekA2-N-C6
HekA2-N-B4
HekA2-N-A5
HekA2-N-NS

Mean
Diff.

6228

2470

2706

1180

5657

3820

-448.3

Mean 1

6676

6676

6676

6676

6676

6676
6676

95.00% ClI
of diff.
5619 to
6838
1860 to
3079
2097 to
3316
571.1to
1790
5048 to
6267
3210to
4429
-1058 to
160.9

Mean 2
447.3
4206
3969
5495
1018
2856
7124

Below
threshold

?

Yes

Yes

Yes

Yes

Yes

Yes

No

Mean
Diff.

6228
2470
2706
1180
5657
3820
-448.3
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Summary

% %k %k %k

% %k % %k

* %k %k %k

* %k ¥

%k %k %k k

% %k %k %k

ns

SE of diff.
208.4
208.4
208.4
208.4
208.4
208.4
208.4

Adjusted
P Value

<0.0001 B

<0.0001 C

<0.0001 D

0.0002 E

<0.0001 F

<0.0001 G

0.2037 H

nl

w w w w w ww

A-?

n2

w w w w w ww

HekB2mK
0]
HekA2-N-
D3
HekA2-N-
B2
HekA2-N-
Cc6
HekA2-N-
B4
HekA2-N-
A5
HekA2-N-
NS

29.89
11.85
12.99
5.665
27.15
18.33
2.152

DF

16
16
16
16
16
16
16
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Supplement Data 11. Flow-cytometry analysis of MHC-I expression by HEK-Sasg.277-
Ge6(SGG)s cells.

Below
Mean 95.00% ClI threshold Adjusted
Dunnett's multiple comparisons test Diff. of diff. ? Summary P Value A-?
9325 to HekB2mK
Hek vs. HekB2mKO 11323 13320 Yes HkEx <0.0001 B (6]
Hek-S269-
277-
-8536 to - G6(SGG)3-
Hek vs. Hek-S269-277-G6(SGG)3-1D3 -6538 4540 Yes *okok ok <0.0001 C 1D3
Hek-S269-
277-
7314 to G6(SGG)3-
Hek vs. Hek-S269-277-G6(SGG)3-2B1 9311 11309 Yes *okkx <0.0001 D 2B1
Hek-S269-
277-
-3719to G6(SGG)3-
Hek vs. Hek-S269-277-G6(SGG)3-2C6 -1722 275.9 No ns 0.0999 E 2C6
Hek-S269-
277-
9331to G6(SGG)3-
Hek vs. Hek-S269-277-G6(SGG)3-3A5 11329 13326 Yes Hokkx <0.0001 F 3A5
Mean
Test details Mean1l Mean2 Diff. SE of diff. n1 n2 q DF
Hek vs. HekB2mKO 11493 170.3 11323 688.5 3 3 16.45 12
Hek vs. Hek-S269-277-G6(SGG)3-1D3 11493 18031 -6538 688.5 3 3 9.496 12
Hek vs. Hek-S269-277-G6(SGG)3-2B1 11493 2182 9311 688.5 3 3 13.52 12
Hek vs. Hek-S269-277-G6(SGG)3-2C6 11493 13215 -1722 688.5 3 3 2.501 12
Hek vs. Hek-S269-277-G6(SGG)3-3A5 11493 164.3 11329 688.5 3 3 16.45 12
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Supplement Data 12. Flow-cytometry analysis of HLA-B7 expression by HEK-Sasg.277-
Gs(SGG); cells.

Below
threshold Adjusted
Dunnett's multiple comparisons test Mean Diff. 95.00% Cl of diff. ? Summary P Value A-?
HekB2mK
Hek vs. HekB2mKO 1228 500.3 to 1956 Yes ** 0.0015 B (0}
Hek-5269-
277-
G6(SGG)3-
Hek vs. Hek-5269-277-G6(SGG)3-1D3 -3211 -3939 to -2483 Yes *HEE <0.0001 C 1D3
Hek-S269-
277-
G6(SGG)3-
Hek vs. Hek-5269-277-G6(SGG)3-2B1 453.7 -274.3 to 1182 No ns 0.3011 D 2B1
Hek-5269-
277-
G6(SGG)3-
Hek vs. Hek-5269-277-G6(SGG)3-2C6 627 -101.0 to 1355 No ns 0.1002 E 2C6
Hek-S269-
277-
G6(SGG)3-
Hek vs. Hek-5269-277-G6(SGG)3-3A5 1276 547.7 to 2004 Yes ** 0.0012 F 3A5
Mean
Test details Mean 1 Mean 2 Diff. SE of diff. n1 n2 q DF
Hek vs. HekB2mKO 1396 168 1228 250.9 3 3 4.895 12
Hek vs. Hek-5269-277-G6(SGG)3-1D3 1396 4608 -3211 250.9 3 3 12.8 12
Hek vs. Hek-5269-277-G6(SGG)3-2B1 1396 942.7 453.7 250.9 3 3 1.808 12
Hek vs. Hek-5269-277-G6(SGG)3-2C6 1396 769.3 627 250.9 3 3 2.499 12
Hek vs. Hek-S269-277-G6(SGG)3-3A5 1396 120.7 1276 250.9 3 3 5.084 12
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Supplement Data 13. Flow-cytometry analysis of HLA-A02 expression by HEK-Szsg.277-
Gs(SGG); cells.

Dunnet

Hek vs

Hek vs

Hek vs

Hek vs

Hek vs

t's multiple comparisons test

. HekB2mKO

. Hek-5269-277-G6(SGG)3-1D3

. Hek-S269-277-G6(SGG)3-2B1

. Hek-5269-277-G6(SGG)3-2C6

. Hek-S269-277-G6(SGG)3-3A5

Test details

Hek vs
Hek vs
Hek vs
Hek vs
Hek vs

. HekB2mKO

. Hek-5269-277-G6(SGG)3-1D3
. Hek-5269-277-G6(SGG)3-2B1
. Hek-S269-277-G6(SGG)3-2C6
. Hek-5269-277-G6(SGG)3-3A5

Mean
Diff.

95.00% ClI of diff. ?

4352 3086 to 5618

-9664 -10929 to -8398

-468 -1734 to 797.6

-2575 -3841to -1309

4391 3125 to 5657

Mean 1
4521
4521
4521
4521
4521

Mean 2

168.7
14184
4989
7096
129.7

Below
threshold

?

Yes

Yes

No

Yes

Yes

Mean

Diff.
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4352
-9664
-468
-2575
4391

Adjusted

Summary P Value

HAxk <0.0001

*Exk <0.0001
ns 0.7291 D
rHE 0.0003 E

*ExE <0.0001

SE of diff. n1
436.2
436.2
436.2
436.2
436.2

w w w ww

w w w ww

HekB2mK
(e}
Hek-S269-
277-
G6(SGG)3-
1D3
Hek-S269-
277-
G6(SGG)3-
2B1
Hek-S269-
277-
G6(SGG)3-
2C6
Hek-S269-
277-
G6(SGG)3-
3A5

9.977
22.15
1.073
5.903
10.07

DF
12
12
12
12
12
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Supplement Data 14. Flow-cytometry analysis of MHC-I expression by HEK-Sasg.277-

Gs(SGG); cells.

K562
Number of values 3
Minimum 3671
Maximum 4344
Range 673.0
Mean 3964
Std. Deviation 344.8

Std. Error of Mear 198.1

Number of families
Number of comparisons per family
Alpha

K562.B27 K562.B27.C67S K562.B27.C101S K562.B27.D116H

5668
5899
231.0

5811
124.9
7213

Dunnett's multiple comparisons test

K562.B27 vs. K562.B27.C67S
K562.B27 vs. K562.B27.C1018
K562.B27 vs. K562.827.D116H

Test details
K562.B27 vs. K562.B27.C67S
K562.B27 vs. K562.827.C101S
K562.B27 vs. K562.827.D116H

3
4545
4697
152.0
4622
76.01
43.88

1

3

0.05

Mean Diff.

1189

3924

-5.333

Mean 1

5811

5811

5811

95.00% CI of diff.

1829
1979
150.0

1887
80.57
46.52

946.6 to 1432
3681 to 4167
-248.1t0 237.4

Mean 2
4622
1887
5816

5681
5916
235.0

5816
121.5
70.14

Below threshold?
Yes
Yes
No

Mean Diff.
1189

3924
-5.333

275

Summary

e

ns

SE of diff.
84.30
84.30
84.30

Adjusted P Value
<0.0001

<0.0001

0.9999

n1
3
3
3

B-?
C
D
E

n2

K562.B27.C67S
K562.B27.C101¢
K562.827.D116F

q
14.11
46.55
0.06327

DF
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Supplement Data 15. Flow-cytometry analysis of HLA-B27 expression by HEK-Szsg.277-
Ge6(SGG)s cells.

K562 K562.B27 K562.B27.C67S K562.827.C1015 K562.B27.D116H

Number of values 3 3 3 3 3

Minimum 189.0 6672 4366 190.0 6332

Maximum 195.0 7565 4769 300.0 7223

Range 6.000 893.0 403.0 110.0 891.0

Mean 192.7 7262 4555 261.0 6798

Std. Deviation 3.215 511.3 202.7 61.59 447.0

Std. Error of Mear 1.856 2952 17.0 35.56 258.1
Number of families 1
Number of comparisons per family 3
Alpha 0.05
Dunnett's multiple comparisons test  Mean Diff. 95.00% CI of diff. Below threshold? Summary Adjusted P Value B-?

K562.B27 vs. K562.B27.C67S 2708 1871 to 3544 Yes e <0.0001 C K562.827.C67S

K562.B27 vs. K562.827.C101S 7001 6165 to 7838 Yes e <0.0001 D K562.B27.C101¢

K562.B27 vs. K562.B27.D116H 464.0 -372.4 to 1300 No ns 0.3194 E K562.B27.D116F
Test details Mean 1 Mean 2 Mean Diff. SE of diff. n1 n2 q

K562.B27 vs. K562.B27.C673 72862 4555 2708 290.4 3 3 9.323

K562.B27 vs. K562.827.C101S 7262 261.0 7001 290.4 3 3 24.11

K562.B27 vs. K562.827.D116H 7262 6798 464.0 290.4 3 3 1.598
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Appendix 5: Primers for Polymerase Chain Reaction

Experiment Name

PCR

F1.B2M.exonl
R1.B2M.exonl
F3.B2M.exon2
R3.B2M.exon2
F1.B2McDNA.Cloning
R1.B2McDNA.Cloning
F-CMV

B2MPI-Antisense

B2MPI-Sense

sense-GA.A2/S268-277

anti-sense- GA.A2/S26s-277

F1.B2M.cDNA
R1.B2M.cDNA
F1-B27
R1-B27
F2-B27
R2-B27

F4-B27

277

Sequences

AAAATGCAGGTCCGAGCAGT
GACGCTTATCGACGCCCTAA
ATGCAGCGCAATCTCCAGTG
TCTCAGCAGGTGCCACTAATC
TAAGATGGATCCATGTCTCGCTCCGTGGCCTTA
AGCCTGGATATCTTACATGTCTCGATCCCACTT
GATGCGGTTTTGGCAGTACA

AGCCTCCAGGCCAGAAAGAGAGAGTAGCGCGAG
CACAGCTAA

GGCCACGGAGCGAGACAT
ATCCAGCGTACTCCAAAGATTCAGGTTTACTCACG
TCATCCAGC

AGAGAATGGAAAGTCA
TAATAGAAAAGTCCTAGGTTGAAGATAAGCCTCCA
GGCCAGAAAGAGAGAGTAGCGCGAG
TATCTTCAACCTAGGACTTTTCTATTAGGAGGTGG
GGGATCAGGAGGTGGGGGATCAGGA

GCTCGCGCTACTCTCTCTTT
CACGGCAGGCATACTCATCT
AAGGCACAGACTGACCGAGAG
GGTGGAGTCCAATCCCAGCAA
GATGCGGTTTTGGCAGTACA
CCTCGTTCAGGGCGATGTAA

ATGTCGTAACAACTCCGCCC
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Next Gene

Sequencing

Site
Directed-
Mutagenesi

S

R4-B27

F-OT.sgB2M1.3_1
R-OT.sgB2M1.3_1
F-OT.sgB2M1.3_2

R-OT.sgB2M1.3 2

F-OT.sgB2M1.3_3
R-OT.sgB2M1.3_3
F-OT.sgB27.3_1
R-OT.sgB27.3 1
F-OT.sgB27.3 2
R-OT.sgB27.3 2

F5-SDM.C67S

R5-SDM.C67S

F3-SDM.C101S

R3-SDM.C101S

F4-SDM.D116H

R4-SDM.D116H

278
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GATCTCCGCAGGGTAGAAGC
ACTTGGAGAAGGGAAGTCACGG
ATAAGTGGAGGCGTCGCGCT
GGATAACTGCCTCTTCTCACTGC

GTTATAACCCTGAGTTTTCTACCTGCATTATAGTTT
C

ATGCCTCAGGGAATTGTTGGT
ACAAGCAAAAATGGAGGGCTG
GGTCTCACACCCTCCAGAATATG
ACTTGCGCTGGGTGATCTGA
AGCTGGGGAAAGGTGGGC
ATGCAGGGCCCTCCCGCACT
GTGCCTTGGCCTTAGATATCTGTGTCTCCCGGTC
CCAATAC
GTATTGGGACCGGGAGACACAGATATCTAAGGCC
AAGGCAC
GGCCCCACGTCGGATCCGTACATATTCTGGAGGG
TGTGA
TCACACCCTCCAGAATATGTACGGATCCGACGTG
GGGCC
TCCTTGCCGTCGTATGCATGCTGGTGGTACCCGC

GCGGGTACCACCAGCATGCATACGACGGCAAGG

A
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