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Abstract

Mast cell and basophil mediators play a major role in the development of
immunoglobulin E (IgE)-dependent allergic disorders. One of these mediators is
histamine, which is released by activation of inflammatory cells through cross-linking
of the high affinity IgE receptor (FceRl). The current immunotherapies are
accompanied by major drawbacks, such as an increase the risk of anaphylaxis and
systemic reaction, difficulties in allergen extract standardisation of allergen-specific
immunotherapy (SIT), and a small but worrying increase in the incidence of cancer
with omalizumab. It is known that co-aggregation of immunoglobulin G (IgG) low-
affinity receptor (FcyRIIB) with FceRl can lead to inhibition of mast cell degranulation,
thus inhibiting production of pharmacological mediators. The potential underlying

this principle has been highlighted by many approaches published in the literature.

In this study, we designed a novel immunotherapy vector that takes advantage of the
most recent advances in drug delivery systems using microparticles. This micro-carrier
will carry the Fc parts of both IgG and IgE in defined stoichiometric ratios to be
directed towards the allergic inflammatory cells (mast cells and basophils). Fcy
receptors have different binding affinities for IgG1, either with high affinity in the case
of FcyRIl, or low as with FcyRIIB. We engineered mutant IgG-Fc fragments with
increased binding affinity for FcyRIIB. These recombinant Fc-genes were successfully
transfected, expressed and purified from the cell supernatant of a high yield HEK293-
6E cell line mammalian expression system. To obtain a site-specific conjugation
between the recombinant Fc proteins and microparticles, a novel 15 amino acid
peptide tag known as Avi-Tag was used. Both particle size and Fc density have an
effect on the level of the immune response. On the reporter cell lines derived from

the parental RBL-2H3 cell lines (RS-ATL8 and NFAT-DsRed), a 0.5um particle coated



with IgE Fc significantly affected the activation response compared to other particles
sizes (1,2 and 6 um). Cell activation was also affected by the density of IgE Fc, and a
lower dilution ratio of added IgE Fc to particles (1:50) showed the highest activation
value. Unexpectedly, the preliminary data for the release of histamine from purified
human peripheral blood basophils treated with different Fc-particle conjugate

formulations did not show any effect for the suggested therapy.
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Chapter 1. General introduction

1.1  Allergy: Background

The term ‘allergy’ is defined as an alteration in immune response to foreign
substances followed by certain immunologic reactions™. These foreign substances
are called allergens. Regardless of age, gender or genetic background, allergy can
happen to anyone. A number of factors, including genetic and environmental, have
been identified as triggers for the development of allergy and asthma. Although it is
known that asthma is associated with certain genetic backgrounds®*, environmental
factors such as indoor and outdoor air pollution, diet, tobacco use, occupational
exposure and respiratory infection also play an important role in the pathogenesis of

asthma and allergy”.

Allergies are very common in children and range from a mild symptomatic disease
which requires only a topical treatment, to a severe life-threatening or debilitating
condition that needs constant treatment and counsellingz. In some studies, a
validated questionnaire tool is used to measure the effect of allergies on the quality
of life; such studies conclude that allergies have a major negative effect on both adults
and children. Allergies not only have an adverse effect on the quality of life for

children, but also for their families and carers®™.

Several epidemiological studies on the prevalence of the allergic diseases have been

performed in different parts of the world'®™

. It is reported that the prevalence of
asthma and allergies in USA and Europe is increasing and is accompanied by a rise in
some allergic diseases such as atopic eczema and rhinoconjunctivitis'>**. In the UK,

there was a rise in admission rates to hospitals due to certain forms of systemic

allergies from January 1990 to April 2003. Anaphylaxis and food allergies have the



highest increase in admission rates, as they rose from 6 to 41 per million and 5 to 28

per million respectively during that period

1.11

15,16

Diseases related to the activation of the allergic cells

Although the allergic disorders are not similar in term of the associated symptoms,

locations and the severity scale, they share some common features at the cellular and

molecular level. For example, the allergic reaction that developed in case of asthma,

allergic

rhinitis and atopic dermatitis is mediated by the crosslinking of

. . 1 .
immunoglobulin E on the surface of mast cells ’. Moreover, the inflammatory

mediators (histamine, lipid mediators and interleukins) which released from the

activated cells are also common in most of the allergic disorders. Here we describe

some common examples of allergic manifestations.

Asthma is a chronic inflammation of the airways, associated with recurrent
blocking of airflow, constant airway hypersensitivity and airway reshapinglg.
The aetiology of asthma is complicated and interconnected between genetic
factors and environmental influencers. The hypothesis that T helper type 2
(Th2) cells are to a large extent implicated in asthma comes from findings
from an original paper explaining the functional effect of CD4 T helper cells
combined with studies that presented the findings that Th2 cells were found

in airways of asthmatic people™®?*

. These results, alongside the connection
between Th2 cytokines such as IL-4 and IL-13 and allergic diseases, helped in
the development of this hypothesis.

Rhinitis is an inflammatory disease of the mucosal membrane of the nose and
is identified by one of three nasal symptoms: itching, sneezing and

congestion. It is often associated with symptoms of the eye, ear and throat®'.

Adults are often faced with the complications of chronic rhinitis such as a



sleep disturbance and a limitation of activity. Children may experience
behavioural disorders, lack of concentration, irritability and a loss of interest
in social and educational activities®”. In 15% to 38% of patients with allergic
rhinitis, the disease gradually progresses from the nasal mucosa and descends
down the respiratory tract ending up in allergic asthma — part of the so-called
‘allergic march’®.

Atopic dermatitis is a chronic inflammation of the skin linked by a change in
the morphology of skin lesions and tissue remodelling. Dendritic cells (DCs)
and keratinocytes play a crucial regulatory role in skin pathology of atopic
dermatitis. Pruritus and sleep disorder are key signs of atopic dermatitis®*.
Anaphylaxis is ‘a severe, life-threatening, generalised or systemic
hypersensitivity reaction’"’. It is identified by the development of sudden and
often fatal difficulties in circulation, airways or breathing, or a combination of
the three. Generally, it is associated with changes in the skin and mucus®.
Immunologic anaphylaxis involves the activation of mast cells and basophils
by IgE or is as a result of complex- or complement-mediated reactions. Non-
immunologic anaphylaxis occurs when the mast cells and basophils are
activated through non-immunologic mechanism such as non-steroidal anti-
inflammatory drugs, exercise and cold exposure”.

Urticaria is a heterogeneous family of disorders distinguished by the rapid

27,2 . .
28 Urticaria

development of pruritic and swollen skin lesions or angioedema
is generally classified as acute or chronic depending on whether the
symptoms persist for less or more than 6 weeks. Physical urticaria represents

a presence of external influencing stimuli that induce lesions’. Activation of

histamine receptors in mast cells can lead to vascular changes in urticarial



lesions such as an increase in the permeability and dilatation of the cutaneous
blood vessels. In many cases, the cause is not known — this is termed chronic

idiopathic urticaria®.

1.2 Hypersensitivity

There is a widely accepted classification of hypersensitivity developed by Gell and
Coombs>® in which hypersensitivity is subdivided into four categories. The first three
types of hypersensitivity are recognized as an antibody mediated response ( IgE in
type | and 1gG in types Il and Ill) while Type IV is mediated by T cells (helper or
cytotoxic T cells). Although the hypersensitivity classification is based on the
underlying mechanism and the period of the hypersensitivity reaction, there are some
similarities between the four types. The common characteristics are: 1) the immune
response in all types is adaptive and regulated by both T and B cells; 2) the
inflammatory reactions occur after the re-exposure to the allergen; 3) due to the
adaptive immune response, sensitization to the allergen can persist for a long time in

the absence of the subsequent exposure.

1.2.1 Type | hypersensitivity

Type | hypersensitivity reaction is the most common type. It is a mostly IgE-mediated
reaction which involves an immediate response after exposure to the allergen.
Diseases or manifestations such as hay fever, anaphylaxis and allergic asthma are
typical cases of type | hypersensitivity. In this category, tissue mast cells and blood
basophils are stimulated through the binding between IgE and allergen binding site
on the surface of these cells. This binding will cause degranulation of these cells and
will release active preformed or de novo synthesised pharmacological mediators such

as histamine, platelet activating factor (PAF), prostaglandins, and leukotrienes®.

4



Some mediators of activated mast cells such as lipid mediators and vasoactive amines
induce a rapid increase in the permeability of the vessels and the contraction of the
smooth muscle which occurs within minutes of antigen exposure. In late phase
reaction, the cytokines and chemokines are involved in this reaction which occurs

1
over several hours®.

1.2.2 Type Il hypersensitivity

In type Il hypersensitivity, also known as cytotoxic or antibody-dependent
hypersensitivity, 1IgG and IgM are directed toward antigens on the surface of host cells.
This binding produces immune complexes and complement activation that leads to
cell lysis. The proliferation of B cells with the production of cytokines and antibodies
will trigger the cell death. Autoimmune diseases, transplantation and drug reaction

can be linked with type Il hypersensitivity> 2.

1.2.3  Type lll hypersensitivity

Type Il hypersensitivity is also caused by IgG and IgM antibodies. Unlike a type I
reaction, in type Il hypersensitivity, the soluble antigens are not bound with host cells
but with antibodies in the bloodstream, which then cause an inflammatory reaction.
When the level of antigen-antibody complexes is increased, they can precipitate in
joints and different tissues such as the skin, eyes, and kidney, resulting in complement
activation and inflammatory reactions>. This reaction can also be associated with
some systemic diseases such as systemic lupus erythematosus (SLE) and serum

sickness™”.

1.2.4 Type IV hypersensitivity
Type IV hypersensitivity is also defined as a cell-mediated or delayed hypersensitivity.

It usually takes two or more days to develop and is the second most common type of



hypersensitivity response. Type IV reactions occur when T cells are overstimulated
and release cytokines to activate monocytes and macrophages leading to
inflammation and cell death®. Contact dermatitis is an example of type IV reaction in
which lymphocyte production can develop local inflammation such as a rash, which

identifies this skin disorder®.

1.3 IgE mediated allergy: cells and molecules components

As stated before, IgE-mediated allergy (type | hypersensitivity) is the most common
type of allergy, and the allergic response is dependent on the presence of four critical
components: the allergen, the corresponding specific (a.k.a. cognate) IgE, the high

affinity IgE receptor and the allergic effector cells (mast cells or basophils).

1.3.1 Allergen

Allergen is defined as any protein or substance that is able to cause allergic reaction,
mostly by activating the IgE-mediated response. It can be found in certain foods, tree
or grass pollen, moulds latex, and animal sources such as dander dust mite fecal
pellets. There are a variety of ways in which these allergens can enter the body,
including ingestion, inhalation, injection or by skin contact. It is not fully understood
why some but not all substances can cause an inflammatory reaction, but there are
some shared features in these allergens as they are all glycoproteins, several allergens
have low molecular weight and are highly soluble in body fluid®’. These allergens can
be considered as major allergens if they can produce an allergic response in a majority
of patients. Der p | and Der p Il from house dust mite, Fel d | from the cat, Bet v | from
pollen of the birch tree and Phl p 1 and Phl p 5 from timothy grass are examples of
major aIIergens38. There is also a relationship between the type of allergic disorders
and the type of allergen; asthma can be induced from house dust mites and cat

allergens, while hay fever is caused by allergens derived from grass or tree pollen®.



1.3.2 Immunoglobulin E (IgE)

IgE is an immunoglobulin with a molecular weight of =190 kDa which is thought to
play a significant role in the host defence against parasitic infection. Compared to
other immunoglobulins isotypes, IgE cannot cross the placenta and does not show
complement activation by the classical pathway™. IgE is regarded as the lowest serum
antibody with a concentration of 50-200 ng/ml compared to 10 mg/ml of 1gG. This
lower concentration represents 0.004% of total circulating immunoglobulins.
Moreover, IgE has the shortest half-life in serum of approximately =1 to 2 days in
human and =5-12 hours in mice*’. However, the half-life of cell-bound IgE is much
longer. People with atopic disease, which is generally developed due to individuals
genetic susceptibility, such as asthma, hay fever, eczema, parasitic (e.g. helminthic)
diseases or Hyper IgE Syndrome (HIES) ! have a higher level of IgE in the circulation

(10 times the normal level).

Like the monomer of other human immunoglobulins, IgE consists of two identical
heavy chains (H) and two identical light chains (L) with variable (V) and constant (C)
regions joined together by disulphide bridges. The heavy chain of IgE is composed of
four epsilon (€) constant domains (Ce1-4) with one variable region. The pair of variable
regions of the light and heavy chains, which are responsible for the binding with the
antigen, and the adjacent constant chain is known as the Fab region. the Fc region is
consisting of the remaining constant domains which contain the binding site for the
IgE receptor (FceR) see Figure (1-1)*. The synthesis of IgE from B cells and plasma cells
is made up of different combinations of (VDJ) regions and this process is influenced
by activated T cells which produce IL-4 or IL-13 and CD40 ligand that enhance the

transcription of the germ line Ce that leads to isotype switching to IgE 2.
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Figure 1-1 : Diagrammatic structure of an IgE molecule.

1.3.3 IgE high affinity receptor (FceRl)
1.3.3.1 Structure and function

FceRl, also known as the high-affinity IgE receptor, is one of the two known receptors
for the Fc domain of IgE. The interaction between FceRI and IgE is characterised by a
slow dissociation rate (k4<10® s™) and accounts for the high affinity binding (see
Section 1.3.3.2). The structure of FceRI differs between humans and mice. In mice, it
is a tetrameric receptor complex (afy,), whereas in humans FceRl is expressed as afy,
tetrameric complex on mast cells and basophils or as oy, trimeric complex in antigen-
presenting cells (see Figure 1-2). The two extracellular domains of the o chain are
responsible for the binding of IgE. The B chain, which has four transmembrane
domains that separate the amino and carboxy terminal tails both facing the
cytoplasm, acts as an inducer for the maturation of FceRl and as an amplifier for the
transduction of signals. The two disulphide-connected y chains contain a

transmembrane domain and cytoplasmic tail, and are important for signal



transduction. The B- and y- chains are critical in propagating the downstream signal
by tyrosine phosphorylation of their immunoreceptor tyrosine-based activation motif
(ITAM)**. Activation of mast cells and basophils through crosslinking of IgE-FceRl
with polyvalent antigen will lead to degranulation of effector cells and the production

of inflammatory mediators and vasodilators®’.

™ ™

ITAM ITAM

Figure 1-2 : The schematic structure of FceRl.

(A) represents the tetrameric structure of FceRIl while (B) represents
the trimeric structure.

1.3.3.2 IgE- FceRl binding

The structural binding between the Fc domain of IgE and the a chain of FceRl is a vital
early step of the allergic reaction, and has been explored in countless studies™®™°. The
stoichiometry of the binding is 1:1 and it is considered high affinity (K4= 10°-10"°Mm).
The analysis of the X-ray crystal structure has shown that the interaction of IgE with
its receptor involves Ce3 domains and the Ce2-Ce3 linker residue of IgE with no
involvement of Ce4 domain. While, FceRI has two different binding sites for IgE; the
first is around Y131 at the C-C' region of the D2 domain of the receptor with one of

the Ce3 domain, and the second involves the interaction between the cluster of four



tryptophan residues at the receptor D1-D2 interface with P426 of the second Ce3

48-50

domain (see Figure 1-3)

IgE

ITAM

Figure 1-3 : Schematic diagram representing the binding complex of IgE molecule and
high affinity IgE receptor (FceRl).

1.3.3.3 The role of IgE in Regulating FceRI expression

The expression of high affinity FceRI on the surface of mast cells and basophils is
normally regulated by the presence of receptor subunits (afy chains) and the quantity
of IgE>*. The initial insight on the significant role of IgE on regulating the expression of

FceRl was by Malveaux et al °*> who observed a direct relationship between the level

of serum IgE and basophil-bound IgE. The expression of FceRl was also shown to be

increased by monomeric Ige>*>*

. Later, other groups of researchers who worked on
IgE-deficient mice also found that incubation of IgE in vitro or injection of IgE in vivo

could upregulate the low FceRI expression>. Many reports noticed a similar effect of

IgE on the expression level of FceRl on different allergic- and antigen-presenting cells
56-59

(mast cells, basophils and dendritic cells(DCs)), which led to enhanced function

Using anti-IgE antibody during the treatment of atopic diseases will reduce the level
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of both serum IgE and FceRI expression on basophils>®. The reason for the ability of
IgE to upregulate the expression of FceRl is due to the stability of the receptors on the
cell surface by its ligand. This stability results in prevention of receptor internalisation
and subsequent degradation while preserving the underlying synthesis; this will

permit the receptors to be accumulated on the cell surface™".

1.3.4 Cells of allergic reactions: mast cells and basophils

Mast cells and basophils are regarded as critical effector cells in the allergic response.
Both express tetrameric high affinity IgE receptors (FceRlI) on their surface and contain
many granules loaded with a considerable amount (2-6 pg/cell) of performed
histamine®®’. The release of histamine and other chemical mediators of
inflammation from these cells is an important early step in the complicated sequences

. . . 2
of cellular and molecular events which promote the allergic reaction®®.

1.3.4.1 Mast cells

Origin and development

Human mast cells originate from cp3at hematopoietic progenitor cells in bone
marrow. They circulate in the bloodstream as immature cells, and their maturation is
completed in the connective tissues or on mucosal surfaces under the effect of stem
cell factor (SCF) which binds to the c-kit receptor. Some cytokines such as interleukin
4 (IL-4), IL-5, and interferon gamma (IFN-y), have also an effect on the maturation of
mast cells, and SCF stimulates the adhesion, migration and proliferation of mast
cells®®. Increased numbers of mast cells are associated with the presence of an
immediate hypersensitivity response®™. A wide range of membrane receptors is
expressed by mast cells; for example, high affinity IgE receptor, complement

receptors, histamine receptors (H; H, and Hy) and toll-like receptors (TLR).
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Activation and function
Mast cells can be activated through crosslinking of FceRl or via complement receptors

or TLR stimulation (see Figure 1-4)65’66

. During activation, mast cells release different
types of mediators such as preformed mediators (histamine, proteoglycans and
neutral proteases), or de novo produced substances, such as lipid mediators
(leukotriene C4; (LTC,4), platelet activating factor (PAF), prostaglandin D, (PGD;)),
cytokines, chemokines and growth factors. Mast cells also activate macrophages and
epithelial cells to produce lymphocyte and eosinophil chemoattractants, and via the
production of IL-4 they initiate the development of Th2 cells®’. Stimulation of mast

cells through IgE-dependent mechanisms can also promote consequences of events

leading to immediate hypersensitivity reaction and late phase reaction®.

A- Direct interactions B- Fc receptor- mediated activation C- Complement receptor- mediated activation
Pathogen

B-cell superantigen

Sseng e

Fc receptor

Co-receptor

.z

)

/" Antigen-

¥ specific
interaction

Mast cell

fge . . e . .
Histamine Histamine
proteases proteases

i o0
Mediators

Figure 1-4: Different types of receptors are involved in the activation of mast cells.
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1.3.4.2 Basophils

Origin and development

Basophils are granulocytes that account for less than 1% of all white blood cells. They
also originate from CD34* hematopoietic stem cells and complete their proliferation
and maturation in the bone marrow, before circulating as mature granulocytes in the
periphery. IL-3 is the predominant cytokine responsible for their development and
differentiation, acting via the CD123 receptor which is highly expressed on this cell
type®. Although basophils and mast cells have many features in common such as
expression of the high-affinity IgE receptor (FceRl), histamine release and Th2
cytokines expression, there is a wide agreement that basophils are found in different
cell lineages to mast cells’. Thus, the description as ‘circulating mast cells’ frequently
found in older scientific articles and immunology textbooks is obsolete and
misleading, and modern experimental work indicates that their function is

complementary and non-redundant.

Activation and function
Like mast cell activation, basophils can be activated through cross-linking of a

functional FceRl receptor (afy2), leading to granule exocytosis and mediator

release™®. Basophils express complement receptors such as C3aR and C5aR and can be
also strongly activated via C3a and C5a. Stimulation of any of these receptors will
induce the synthesis of eicosanoids such as LTC,;, gene expression of IL-4 and IL-13

. . 1-
and histamine release’*””

. Unlike mast cells, PGD, and IL-5 are not released by
basophils. The discovery of 2D7 and BB-1, two monoclonal antibodies specific for
unknown antigen and basogranulin, respectively, has led to detection of basophils by

Immunohistochemistry in tissues during the late phase reaction; it is now

documented that basophils recruit into the tissue such as inflamed Iung76, skin”’, or
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nose’®. The detection was confirmed by measuring the concentration of mast cells
and basophil-specific biochemical mediators, the histamine (released from both),

PGD, (from mast cells only ) and LTC, (from basophils and mast cells)”®™".

In summary, the overall outcome of the activation of these cells is: the release of
stored mediators (e.g. histamine, heparin, chondroitin sulphate) and the de novo

synthesis of cytokines and arachidonic acid metabolites (lipid mediators).

1.4 Signalling event of IgE cell activation

FceRl cross-linking through IgE by a multivalent allergen originates a sequence of
biological actions beginning with Lyn tyrosine kinase (member of Src family kinases)
that has phosphorylation action on the ITAM motifs of both B- and y- chains of
FceRI*>®%. After the phosphorylation of ITAM motifs, the cytoplasmic signals are
propagated by the activation of Src homology domain 2 (SH2) containing enzymes
such as the protein kinases Lyn and Syk. Other proteins including SH2 domain-
containing leukocyte-specific phosphoprotein of 76 kDa (SLP76), phospholipase C
(PLC) y1, y2 and Vav are then phosphorylated by the stimulated Syk®. According to
Parravicini et al., aggregation of FceRIl will lead to Fyn activation which results in
phosphorylation of the adapter protein Grb2-associated binder-like protein 2 (Gab2).
Subsequently, Gab2 will activate phosphatidyl-inositol 3-kinase (PIK3) via the binding
with p85 subunit to generate phosphatidylinositol-3,4,5 triphosphate (IP3) which in
turn recruit some of pleckstrin homology (PH) domains such as Btk and PLC-y to the
membrane. The phosphorylation of PLC--y will mediate the hydrolysis of PIP2,
producing the calcium releasing-second messengers IP; and 1,2-diacylglycerol and
activate protein kinase C (PKC)®*. Eventually, the binding between IP3 and some

specific receptors on the surface of the endoplasmic reticulum leads to Ca** depletion,
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and a short transient increase of cytosolic calcium, which in turn results in a large
influx of extracellular calcium through the activation of store-operated Ca* current
(CRAC)®®. Other studies have also shown that the early signal events of FceRI will lead
to stimulation of ERK-associated MAPKs (Vav, Rafl, MEK) and GTPases (Rac, Ras, Rho).
These processes will activate MAPK pathways, which in turn lead to granule exocytosis

and production of leukotrienes and cytokines®’*® (Figure 1-5).

CRAC PIP; Il m i
» Fyn PI3K a *
b PLC-y Shc/Grb2/Sos
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Figure 1-5: The signal pathway of IgE receptor (FceRl) crosslinking.

The first event after the cross-linking of FceRl is activation of different tyrosine kinases
such as Lyn. Following the activation of Lyn, the B- and y-subunit of immunoreceptor
tyrosine-based activation motifs are phosphorylated. Lyn also stimulates Syk and
leads to signal propagation. Once Syk is activated, PLC/ calcium pathway, the small
GTPase pathway, the MAPKs pathway and the phosphatidylinositol 3-kinase (PI13K)
pathway are different ways for the signal transduction. Eventually, all of these steps
will lead to an increase the release of intracellular calcium, triggering cell
degranulation and cytokine production.
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1.5 Inflammatory mediators
Mast cells and basophils encompass functional mediators that have several potential
actions in inflammation and tissue remodelling. In granules in the cell’s cytoplasm,
some of these mediators are deposited preformed, while others are formed de novo
upon suitable cell activation.

Cytokines, recently identified as inflammatory

mediators, can also be produced either as preformed (TNFo in mast cells and perhaps
89,90

small amounts of IL-4 in basophils)’?, or synthesized mediators of activated cells

(Table 1-1).

Table 1-1 : major mediators known to be released from mast cells and basophils

adapted from Gri et al’’.

Class Mediators Physiological effects
Preformed

Biogenic Histamine Vasodilatation effect
amine 5-hydroxytryptamine Leukocyte regulation, pain,

Proteoglycan

Heparin, heparin sulphate
Chondroitin sulphate

vasoconstriction
Angiogenesis, coagulation
Tissue remodeling

Proteases Tryptase Inflammation, pain, tissue
Chymase damage, PAR activation
MC-CPA/ Carboxypeptidase A Inflammation, pain, tissue
Cathepsin B,C,D,E,G,L damage
Enzyme degradation
Pathogen killing, tissue
remodeling
Lysosomal B- hexosaminidase, B- glucuronidase  ECM remodeling
enzymes
Cytokines TNFa (mast cells), IL-4 (basophils) Inflammation, leukocyte
proliferation and activation
immunoregulation
Others Endothelin Sepsis
Kinins Inflammation, pain,
Granzyme B vasodilatation
Anti-inflammatory effects
Newly
sensitised
Lipid-derived LTB4*, LTC,, PGDZ*, PAF Inflammation, leukocyte
recruitment, endothelial
adhesion, smooth muscle cells
contraction, vascular
permeability
Cytokines IL-1a &B, IL-3, IL-4, IL-S*, IL-6, IL-8, Inflammation, leukocyte

IL-9, IL-10, IL-11, 1L-12, IL-13, IL14, IL-
15, IL-16, IL-17, TNFa

proliferation and activation
immunoregulation
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Chemokines CCL1, CCL2, CCL3, CCL4, CCL5, CCL7, Leukocyte chemotaxis
CCL8, CCL11, CCL13, CCL16, CCL17,
CCL19, CCL20, CXCL2, CXCL3, CXCL4,
CXCL5, CXCL8, CXCL10, CX3CL
Growth factors  TGF B, SCF, G-CSF, M-CSF, GM-CSF, Growth of different cell types
VEGF, NGF B, LIF, bFGF

*Indicate the mediators that are not produced from basophils.

1.5.1 Preformed mediators

1.5.1.1 Histamine

Histamine is considered an important mediator and is involved in many physiological
and pathological responses such as neurotransmission and several other brain
functions, secretion of hormones from the pituitary gland, and inflammatory
conditions. The synthesis of histamine starts from histidine by the effect of histidine
decarboxylase (HDC) within the Golgi zone”. When histamine is stored in cell granules
it forms a complex with proteoglycans. In each basophil cell, there are about 2-4 pg

93,94

of histamine, while in the lung mast cells, there are 3—-6 pg™™~". The level of histamine

%% In modified

is regulated by diamine oxidase and histamine N-methyltransferase
mast cell-deficient and congenic normal mice, studies show that mast cells are
responsible for all the histamine deposited in normal tissue. However, mast cells do

not account for histamine released from the central nervous system and glandular

stomach tissues”’.
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1.5.1.2 Neutral proteases

Neutral proteases are the main protein components that are secreted from the
secretory granules of mast cells. Tryptase is regarded as the major protease of human
mast cells and it is produced in a and B forms. The secretion of a-Tryptase is
constitutive, and in mastocytosis, which is a condition associated with elevation of
mast cells numbers, the level of a-Tryptase is also increased. On the other hand, -
Tryptase is secreted during exocytosis and represents a marker for activation of mast
cells. Furthermore, the levels of tryptase are also raised in the serum of anaphylactic
patients and in nasal discharges of patients experiencing allergic rhinitis. Tryptase has
many roles in vitro that might be critical in the mechanism of asthmatic inflammation
including blockage of fibrinogenesis and fibrinogen inactivation, positive regulatory
effect on synthesis of IL-8 and (Intercellular Adhesion Molecule 1) ICAM-1 expression

%% Chymase, cathepsin-G, and carboxypeptidase A are

by epithelial cells of bronchi
also other serine protease that are found in the granules of some human mast cell.
Based on the composition of neutral proteases in their secretory granules, human
mast cells are classified as MC; and MCyc types. The MCy cells, which are mainly
distributed in the alveolar region of the lung and in the mucosa of small intestine,
contain a measurable level of tryptase only. While the second type (MCyc) contain

both tryptase and chymase and they predominate in the skin and sub-mucosa of the

small intestine®.

1.5.2 Lipid mediators
Prostaglandin D, (PGD,), and leukotriene C; (LTC;) represent significant lipid

. 100,101
mediators of mast cells'®*

. Both these products have bronchial constriction effect
with short half-lives in plasma. The leukotriene D4 (LTD,4) and leukotriene E, (LTE,),

which are the metabolic products of LTC,, also have an impact on bronchial
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constriction'®. Prostaglandin D, is generated from arachidonic acid under the effect
of cyclooxygenase enzyme (COX-1 and COX-2), while leukotriene is produced by the
enzymatic action of Iipoxygenase1°3. Moreover, in allergen-challenged patients, there
is an elevated level of PGD,, its metabolite 9o and 11B-prostaglandin F, in the
secretion of bronchi and in the urine of sensitised people to aspirin®®. Regarding
production of arachidonic acid, human mast cells are different. For example, after
stimulation, lung mast cells release leukotriene C4; 10 times more than skin mast

105

cells™. Platelet activating factor (PAF) is another product of activated lung mast cells

and basophils and is also released from other cells including macrophages,
neutrophils, eosinophils, platelets and endothelial cells. PAF is a bioactive and potent
inflammatory mediator and it is involved in several inflammatory disorders'®'%’. PAF

is inactivated by PAF acetyl hydrolase and deficiency of this enzyme is connected with

development of asthma in some people’®.

1.5.3 Cytokines

As mentioned earlier, cytokines can either be stored in mast cells in granules or

89,90

synthesized over a period of time after crossliking of IgE™”". Evidence from several

studies show that basophils are the main source of IL-4 and IL-13 after allergen

73-75

challenge of peripheral blood cells . Moreover, mast cell express a variety of

multifunctional cytokines including IL-4, IL-5, IL-13 and Granulocyte-macrophage
colony-stimulating factor (GM-CSF) that are involved in the progression of

89,109

asthma . Tumor necrosis factor alpha (TNF-a.) derived from mouse mast cells plays

an important role in the recruitment of neutrophils in inflammation of peritoneum

MO Erom the nasal biopsy specimens of people with allergic

and septic shock
rhinitis, it has been found that IL-4 and IL-6 have immunoreactivity with anti IL-4 and

IL-6 antibodies and are localised mainly to mast cells, while IL-5 is located in mast cells
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and eosinophils'*?. Similar results were shown of elevated levels of cytokines such as
IL-4 and IL-10 in the nasal fluid of children with seasonal allergic rhinitis'". Some
cytokines such as IL-8, macrophage inflammatory protein-lo. and macrophage
chemoattractant proteins act predominantly as chemoattractant substances for

114

macrophages and circulating white blood cells™™. However, they also stimulate the

histamine release from mast cells, basophils and have the ability to activate

. .1.115,11
eosinophils'*>**.

1.6 Immunoglobulin G (IgG)

IgG is the predominant protein among other immunoglobins types. This class of
antibody represents 10-20% of plasma proteins and accounts for about 75% of total
antibodies in the blood serum®"’. It is an important antibody in the secondary immune
response to infection and able to cross the placenta to be an abundant antibody in
the fetal blood with postpartum protection''®. Additionally, IgG can promote the
phagocytic effect, complement system activation and toxin neutralisation through the
binding with Fcy receptors on the surface of phagocytes (macrophage and DCs), or
Natural killer (NK)cells'"’. This immunoglobin can be classified into four subtypes
(lgG1, 1gG2, 1gG3 and IgG4), termed in order of their relative amounts in the

11
bloodstream™’.
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1.6.1 The structure of IgG

IgG structure is similar to other immunoglobulin isotypes in terms of having two light
chains referred to as Kappa (K) or Lambda (A) and two identical heavy chains with
approximate sizes of 25 and 50 kDa, respectively, connected by inter-domain
disulphide bridge. One variable region (VH), three constants regions (Cy1-3) and a
hinge region linking Cy1 and Cy2 are found in each heavy chain, while the light chain
is made of one variable region (VL) and constant region (CL). The two variable domains
of light and heavy chain (antigen binding site) with the next constant domain is called
the F,, region. The lower part of 1gG, which comprises the hinge region with the

constant fragments (Cy2-Cy3) is called F. region (see Figure 1-6)"°**",
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Figure 1-6 : Schematic representation of IgG structure.

The four IgG isotypes display a high similarity in overall structure and have over 90%
homology in amino acid sequences. Each subtype of IgG is based on the variations of
amino acid sequence in both hinge region and Cy2 chain, and on the number of inter-

122

heavy chain disulphide bonds™*. These small variations have a critical impact on the

binding profile to Fcy receptor and Clq as the tertiary structural will be influenced
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and having an effect on the properties of each isotype (see table 1-2)t

. Regarding
the antigen binding region, there is a variability in the amino acids residues between
all 1gG subtypes in their N- terminal domains of variable regions (heavy and light

chains) as well as differences in the ratio of Kappa and Lambda light chains. these are

. . 12!
considered as unique feature of each IgG subclass™>.

Table 1-2 : General properties of IgG subclasses.

Properties IgG1 18G2 18G3 18G4
Molecular weight (KDa) 146 146 170 146
Number of Amino acids (hinge 15 12 62 12
region)

Number of inter-domain disulphide 2 4 11 2
bonds

Relative abundance (%) 60 32 4 4

. 122
From Vidarsson et al ~**.

1.7 1g8G Fc Receptors

FcRys are membrane proteins present on the surface of some immune cells. They bind
selectively to the Fc region of IgG. In terms of their function, they are classified as
activating receptors (FcyRI, FcyRIIA, FcyRIIIA And FcyRIIIB) or inhibitory receptors
(FcyRIIB)'. The group of activating receptors shows different binding affinities
toward different subtypes of IgG molecule in humans. The relatively high affinity
binding is present in FcyRI and low to medium binding affinity in FcyRIIA, FcyRIIIA and
FcyRIIB. The inhibitory receptor (FcyRIIB) is considered as a low affinity binding

receptor to its ligand I1gG"”

. In activating type receptors, the effector cells are
activated through an intracellular ITAM motif present on the cytoplasmic tail of the

receptors. In receptors bearing an immunoreceptor tyrosine-based inhibitory motif

(ITIM), such as FcyRIIB, the ITAM-mediated cellular activation will be inhibited. The
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net effect of the positive and negative signalling of this activation will be mediating of
the degranulation, mediator release in the inflammatory response, phagocytosis,
antibody-dependent cytotoxicity (ADCC) and cytokine release or inhibition of these
responses. The ITAM-mediated cellular activation will be inhibited. Because this
receptor is central to the aim of this project, we will discuss in detail the inhibitory

FcyRIIB receptor on the inflammatory cells*’*?%,

1.7.1 Inhibitory FcyRIIB receptor
Structure and function

As stated above, FcyRIIB is an inhibitory low affinity receptor (Kd > 10”7 M) for the Fc
portion of IgG. It is expressed by several inflammatory cells such as mast cells,
basophils, macrophages and neutrophils*’. There are three isoforms of FcyRIIB that
have been shown to exist in humans and mice. Two of these, FcyRIIB1 and FcyRIIB2,
are constructed from two extracellular Ig-like domains for binding to the IgG-Fc
region, one trans-membrane domain and one cytoplasmic domain linked with (ITIM)
motif. FcyRIIB3 is the soluble isoform of all these receptors and it is characterised by

lack of the sequence from the transmembrane and the first cytoplasmic regionsus.

There are three inhibitory roles mediated by FcyRIIB; two of them are ITIM-
dependent, such as the inhibition of cellular proliferation and calcium mobilisation,
while one is ITIM-independent such as apoptosis. FcyRIIB also organises negatively
innate and adaptive immune reactions by inhibiting the activating signal transductions
by co-aggregation with a B cell receptor (BCR) or by activating Fc receptors. It has also
been determined that FcyRIIB inhibits the activation of basophils, mast cells T cells
and B cells; in FcyRIIB- deficient mice studies, the significance of inhibitory signalling
of FcyRIIB in controlling immune reaction was confirmed, as gene targeted mice

showed autoimmunity, anaphylactic reaction and elevated production of
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antibodies™®.

1gG- FcyRIIB binding

Generally, the direct contact between FcyRIl and IgG includes the second domain of
FcyRIl receptors. Some amino acid residues of the second Ig-like domain are involved
in ligand interaction, such as 109-116, 130-135 and 154-161. It is also believed that
D1-D2 interface of FcyRIIB is involved in IgG interaction sites, where the first domain
will be essential for stabilisation of the binding, while the second domain will bind
with the Fc portion of I1gG. The results of mutagenesis experiments indicate that the
lower region residues 234 to 237 of IgG have a crucial role in the binding with FcyRlI

129,130

and with FcyRI . It has been found from the crystal structure of the complex of
hlgG1 with the extracellular domain of Fcy receptors that the D2 domain of the Fcy
receptor is embedded between CH2 domains of 1gG Fc portion (Figure 1-7). Due to
the low affinity binding between IgG1-Fc region and FcyRIIB receptor, many studies
have also attempted to increase the binding affinity. They have demonstrated that
substitution of specific amino acids to the sequence of IgG-Fc region will result in a

131-133

higher binding affinity
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Figure 1-7: Schematic diagram of IgG-FcyRIIB interaction.

1.7.2  Co-aggregation of FceRl and FcyRIIB

Co-aggregation of ITIM-containing receptors such as FcyRIIB with ITAM-containing
receptors such as FceRl and BCR will help in regulating and reducing the potentially
dangerous activity of many immune cells, including mast cells and basophils. This
results in a blockage of a variety of downstream biological activities of the cells that
contain these receptors'®®. The initial inhibitory signal event starts with tyrosine
phosphorylation of ITIM in the cytoplasmic tail of FcyRIIB via Lyn kinase®*. This will
lead to recruitment of the src homology 2 (SH2) domain-containing inositol 5-
phosphatase (SHIP) 1, which has a dephosphorylating enzymatic action to decrease
the level of phosphatidylinositol-1,3,5-trisphosphates. This eventually reduces the
inflow of extracellular calcium into mast cells and basophils and inhibits the activating

135136 Recent findings have offered insight into the

signals induced by FceRI
mechanisms through which SHIP facilitates the inhibitory signal of FcyRIIB in mast
cells. When co-engaging with FceRI, FcyRIIB can inhibit calcium mobilisation that is
induced by FceRI but could not affect both the tyrosine phosphorylation of - and y-

134,137

chains in FceRl, and activation of Syk . The removal of the 5-phosphate from
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Ptdins(3,4,5)P; (PIPs) and InS(1,3,4,5)P, is also catalysed by the enzymatic activity of
SHIP™, and recent studies indicate that SHIP has a direct role in the cleavage of
PtdIns(3,4,5)P; , which in turn leads to the prevention of the recruitment and
activation of Btk and PLCyl and the signal events needed for FceRI-mediated

degranulation of mast cells**® (Figure1-8).
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Figure 1-8 :Schematic diagram of inhibition of FceRI signal transduction by FcyRIIB.

The first inhibitory signal event begins with tyrosine phosphorylation of ITIM in the
cytoplasmic tail of FcyRllb via Lyn kinase. The next step is recruitment of the src
homology 2 (SH2) domain-containing inositol 5-phosphatase (SHIP) 1, which has an
enzymatic action to decrease the level of phosphatidylinositol-1,3,5-trisphosphates. This
ultimately reduces the inflow of extracellular calcium into mast cells and inhibits the
activating signals induced by FceRlI.
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1.8 Current approaches taking advantge of FcyRIIB-mediated inhibitory
activity

The concept of FcyRIIB-mediated negative regulation is of great interest to many
groups of academic and industrial researchers who seek to develop a new technique
to treat IgE-mediated allergies. It was highlighted first by Daeron et al. on human

138

basophils, seeing this as a potential target of immunotherapy ™. This concept was

then applied further into models related to the biological system®** %%,

The first strategy was developed by using a human IgG-IgE fusion protein (GE2)
composed of Fc regions IgE and IgG with linker (yHinge-CHy2-3-15aa linker-CHe2-4).
This fusion protein has been shown to inhibit histamine release from human basophils
and lung tissue fragments and reduce the activity of the tissue to the stimulation by

1407192 " Other therapeutic platforms were developed by designing a fusion

allergen
protein with more focus on the enhancing of the FcyRIIB affinity. From these trials,
one recent paper by Cemerski and colleagues has shown that using dual-targeting way

with 100-fold increase in FcyRIIB affinity can inhibit the cell activation in more specific

and effective way compared to the native IgG Fc region®.

Two other immune-based therapies were established by fusing the human IgG Fc
region and major allergens to form chimeric fusion protein (Fcy- Fel d I) and (Fcy-Der
f2). The approach was to target the antigen-specific mediated IgE allergy. In the first
platform (Fcy- Fel d 1), it was observed that the mediator release was inhibited in dose-

142
“2 In the second

dependent response in the basophils of donors allergic to cat Fel d |
therapeutic agent (Fcy-Der f2), the expression levels of several inflammatory
mediators were low after applying the treatment on the collected bronchoalveolar
lavage fluid (BALF) from allergic mice. The level of anti-Der f2 antibodies (IgE and IgG-

144

sub classes) from the blood sample was also low . Both recombinant fusion IgG
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major allergens supporting these strategies were found to be functional as allergen-
specific immunotherapies. Another approach is called 2G10 was designed to be a
chimeric human IgG1 anti-idiotype which has ability to bind to IgE via its Fab region
while Fc region will deliver the inhibitory signalling through the binding with FcyRIIB
receptor. This strategy shows a dose dependent inhibition of cells transfected with
Fcy receptors and purified basophils when these cells were activated with anti-IgE or

1
Der p | allergen™®.

1.9 Current immunotherapies and their limitations

Several potential therapeutic approaches have been proposed to inhibit the

activation of inflammatory cells and prevent the release of their mediators.

One of these is allergen-specificimmunotherapy (SIT), which is used for the treatment
of allergic rhinitis. It is dependent on regular subcutaneous injections (SCIT) or a sub
lingual tablet (SLI) of extract containing the allergen. This can reduce responsiveness
to a specific allergen by initiating the synthesis of blocking of 1gG4 antibodies and
afford relief from symptoms associated with the allergy. SIT also produces a rise in the

levels of both allergen-specific IgG4 and IgA antibodies, and a decline in the level of

allergen-specific IgE antibodies**®. SIT can stimulate Treg cells (CD4* CD25" FOXP3")
that synthesize two cytokines (IL-10 and TGFf) to a high level. These two cytokines
are involved in the attenuation of T,2- cells responses’®’. Recently, one paper shows
that the mechanism behind the inhibitory action of the allergen immunotherapy is
belong to the production of IgG antibodies which stimulate the inhibitory function of
FcyRIIB receptor and suggesting also that co-aggregation of FcyRIIA is required for the

activation of the inhibitory signalling of FcyRIIB'*2.
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Omalizumab, a humanised IgG1 monoclonal antibody, has been also used to inhibit
the inflammatory response of severe allergic asthma by the prevention of IgE binding
to FceRl. The inhibitory action of omalizumab depends on the binding to IgE with a
higher affinity than the binding of IgE molecule to its high affinity receptor, and this
leads to a decline in the level of the circulating IgE and inhibits its binding with FceRI*.
However, omalizumab does not suppress the activating signals of mast cells that IgE

150,151
0151 There are also

molecules are already being cross-linked with a high affinity FceRI
others approaches of immune inhibitors that have been designed to inhibit kinases
that are involved in the development and activation of mast cells and basophils; for

instance Syk, Btk and c-kit*>***?

. Some monoclonal antibodies against Th2 cytokines
IL-4, IL5 and IL-13 and their receptors are also in the progress stage as a treatment

. o . . 1
option to control allergic inflammation™*.

Although the current immunotherapies have been shown to be an effective treatment
for patients with allergies, many potential problems are associated with their use.
Administration of allergen immunotherapy by subcutaneous injection is accompanied
with problems in patient compliance, due to issues such as repeated swelling at the
site of injection®* and the year-long duration of treatment. Many studies have also
reported an increase in the risk of anaphylactic shock and systemic reactions™>. SIT
needs at least 3 years to produce a sufficient immunological action, and it is not

effective with all types of aIIergy156

. Difficulties around the standardisation of allergen
extracts are still an issue among manufacturers, and probably lead to a variation in
the estimation of allergen extract potency™’. Regarding the use of omalizumab, some
concerns have been raised about its safety in terms of the relationship between
omalizumab and the increase of incidences of cancer, as IgE appears to be associated

158-161

with protection against cancer in some studies . Some adverse effects have been
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also identified following its use, such as local reactions (erythema, swelling and

162,11
62163 Because of

bruising) around the site of injections, fatigue, headache and nausea
the previous disadvantages of conventional immunotherapy, the design of potent and

selective immunotherapy with tolerable side effects is a necessity.

1.10 Microparticles as drug delivery platform

A microparticulate drug carrier is one of the possible methods that affords a sustained
and controlled release of a therapeutic agent, and overcomes the difficulties of the
traditional ways of administration. Developing vehicles in micron and submicron sizes
to deliver new biologic medicines such as protein and nucleic acid has attracted huge
interest recently. It is a viable option which leads to good patient compliance and a

. . 1
decrease in side effects™®”.

The microparticles are small solid particles or liquid droplets surrounded by a
polymeric membrane made from natural or synthetic material. They have a diameter
range of 0.1 um to 1000 um with different degrees of thickness and permeability*®.
Albumin microsphere was the first delivering agent and was proposed by Kramer in
1974, followed by using haemoglobin as a biodegradable vehicle for medicine
administration®®. Microparticles are classified in two subcategories based on the
method of preparation; microcapsule and microsphere. In a microcapsule, the drug is
confined in the core and enclosed with a polymeric coat, while in a microsphere, the

drug is dispersed uniformly on the matrix'®’.

1.10.1 Microsphere for drug targeting
When the therapeutic agent is administrated orally or by injection, it will be
distributed throughout the body by the effect of several intrinsic properties of the

drug. Thus, it could interact at a site which is not required, causing undesirable site
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effects. In such a case, it will be of great benefit if the drug could be directed the
specific site to enhance the therapeutic value with low toxicity profile. The modified
microsphere is one such technique that has the potential to provide this effect®.
Many formulations of surface-modified microspheres with ligands which have been
explored, and show a site specificity by binding to a selective receptor on the target
cell which could be used to target, for example, cancerous cells, inflammatory cells or
to increase the drug uptake into the circulation by enhancing the microsphere

169-172 . .
97172 One example of this formulation seeks to

adhesion to the intestinal epithelium
mimic the rolling adhesion behaviour of leukocytes to deliver the anti-inflammatory
drugs to the site of inflammation. The targeted delivery system was a polylactic-co-
glycolic acid (PLGA) microsphere modified with Sialyl Lewis* (sLe*)-biotin. This

biotinylated ligand is directed to selectins on the surface of endothelial cells'®.

1.10.2 Potential advantages of using microparticles in immunology
Over the years, there has been increasing attention to using microparticles as a drug

vehicle, either to enhance the immune response or to reduce autoimmune reaction.

In terms of vaccination against viral or bacterial infection, microparticles have been
used for activation of cellular immunity by providing an adjuvant action through the
development of antigen delivery to the immune cells. Microparticles have a role in

enhancing the antigens’ availability to the immune cells by acting as a depot to release

173,174

them in a controlled way . They could also provide antigen integrity by protecting

175

from degradation, especially in oral formulations . The type of immune response can

also be modulated when microparticles are used alone or with other immune-

176

activating agents . Numerous studies have shown that polymeric microparticles

coated with antigens can offer an effective and sustained immune response against
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some pathogenic bacteria such as Pseudomonas aeruginosa, Bordetella pertussis or

. . 177-1
Vibrio cholerae™”’™"°.

In hypo-sensitisation therapy, it is an essential to introduce new allergen vehicles to
make the immunisation system simple, and to reduce the dose frequency to improve
efficacy. Microparticles have been developed as new vectors to deliver the allergen.
One of the efforts to develop this was investigating the integrity and activity of
Dermatophagoides pteronyssinus (D.Pt) allergen entrapped in microparticles as the
hyposensitising agent. The outcomes of the study show that following the
microencapsulation, the integrity of Der p | (D.Pt allergen ) was not affected, and the

binding activity to IgG was not changed'®

. Another trial of microparticle formulation
was applied to improve the efficacy of the sublingual immunotherapy in a murine
model of asthma. The uptake of allergen by dendritic cells was enhanced by a
mucoadhesive chitosan microparticle which in turn increased the priming of specific

T-cells in the cervical lymph nodes, and therefore reduced pulmonary

. . 181
inflammation™®.

In an attempt to reduce organ rejection during the transplantation, a system based
on microparticles was employed to enhance the immunological tolerance by
stimulation of dendritic cell receptors via immunoglobulin-like transcripts (ILTs). Two
ligands were coated on the surface of microparticles (HLA-G1 peptide and monoclonal
antibody) targeted the inhibitory ILT4 receptor and CD11c marker respectively.
Targeting these receptors will help to modulate the DC to have a tolerogenic role. This
dual coated microparticle system could be useful in regulating specific immune

. . . . . 182
reactions in transplantatlon and autoimmune diseases 8 .
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1.11 Project aim and objectives

Due to the major drawbacks of conventional immunotherapy in the treatment of

allergies, development of a selective and potent immunotherapy with acceptable

adverse reactions is required.

The aim of this project is to create a therapeutic technique that specifically inhibits

the activation of mast cells and basophils via co-aggregation of FceRl and FcyRIIB,

while avoiding the stimulating effects that are mediated by FceRI crosslinking. This

approach takes advantage of polymeric micro-surfaces which enable a defined

stoichiometry of both ligands (IgE and 1gG) to simultaneously engage their receptors

(FceRl and FcyRIIB).

This aim will be achieved through the following specific objectives:

Creation of an IgG Fc variant with improved binding affinity to FcyRIIB.
This step is essential to obtain a better stochiometric ratio on the surface
of microparticles.

Incorporation of two tags (Avi and His) at the C-terminal of IgG Fc variants
and IgE Fc constructs. This step allows for the purification of the proteins
and to be biotinylated at a specific site (monobiotinylation).
Recombinant expression of 1gG and IgE Fc fragments from eukaryotic
systems and purification using Immobilized metal ion affinity
chromatography (IMAC). This is an essential part in the design of the
proposed drug delivery system.

Conjugation of biotinylated human IgG Fc variants and IgE Fc regions with

streptavidin-coated microparticles. This step will be achieved by using
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enzymatic biotinylation (BirA enzyme) to allow sequence-specific
(mono)-biotinylation on Avi-tagged proteins.

Testing the microparticles coated with IgE Fc region on the RBL cell lines.
The purpose of this step is to optimise the conditions (particle size,
concentrations and Fc ligand density on the particle surface).

Testing the proposed drug delivery system on purified human basophils.
This final step is to analyse the functionality of the delivery system and

to see if the release of the cells’ mediator (histamine) could be controlled.
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Chapter 2. General Materials and Methods

This chapter provides the general material and methods that were used in this work.
More details will be found in the experimental procedure sections of each subchapter.

All purchased materials in this section are from Sigma Aldrich, UK unless otherwise

stated.
2.1 Materials
2.1.1 Cells

Adherent HEK-293 cell line was purchased from ATCC® (cat no. 1573). RS-ATL8
luciferase reporter cells were obtained through a material transfer agreement (MTA)
with Ryosuke Nakamura (National Institute of Health Science, Tokyo, Japan). NFATp-
DsRed-Express2 fluorescence reporter cells were created in-house. Two strains of
Escherichia coli were used for bacterial culture, XL10-Gold from Stratagene, UK and
DH5a cells from Thermo Fisher Scientific , UK. For yeast expression, P. pastoris X-33

was kindly gifted by Dr Marcos Alcocer, University of Nottingham, UK.

2.1.2  Microparticles

Streptavidin conjugated microparticles, 0.5, 1,2 and 6 um with stock particle
concentration of 1.25 % w/v were purchased from Polysciences, Inc., Warrington, PA,

USA.

2.1.3 Reagents, culture media and buffer solutions
2.1.3.1 Mammalian culture

Minimal essential medium (MEM) or Dulbecco’s Modified Eagle Medium (DMEM)
were used for adherent cell culture. FreeStyle F17 Expression Medium (Thermo Fisher
Scientific, UK) was used for suspension cell culture. L-glutamine, heat-inactivated

foetal bovine serum (FBS), penicillin-streptomycin and kolliphor P-188 were

35



supplemented to the media. Trypsin-EDTA and Dulbecco's phosphate buffered saline

(DPBS) without Ca** or Mg” were used for cell maintenance.

2.1.3.2 Bacterial culture
For the bacterial cells growth and preparation of the competent cells, the following

media and buffer solutions were used:

e Lysogeny broth (LB) medium and agar: 1 % (w/v) tryptone, 0.5 % (w/v) yeast
extract and NaCl in 1L distilled water. For LB agar, 1.5 % of bacterial agar is
added to the LB medium. Next, all medium and agar are autoclaved to be
sterilised and stored at room temperature and at 4 °C, respectively.

e Inoue buffer: In 1 L distilled water, 55 mM of MnCl,4H,0, 15 mM of
CaCl,2H,0, 250 mM of KCl and 10 mM HEPES were added, and the buffer was
sterilised using a 0.22 um syringe filter and divided into 50mL falcon tubes
and stored at 4°C.

e Super optimal broth (SOB) medium: 2 % (w/v) tryptone, 0.5 % (w/v) yeast
extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCl, in 1 L distilled water. This

medium was autoclaved and stored 4°C.

2.1.3.3 Yeast culture
For the growth of Pichia pastoris cells and the preparation of the competent cells, the

following media and buffer solutions were used:

e YPD (Yeast Extract Peptone Dextrose) medium: in 1 L final volume, 1 % (w/v)
yeast extract and 2 % (w/v) peptone were dissolved in 950 mL distilled water
and autoclaved. 2 % (w/v) filter-sterilised glucose was added to the medium
and stored at room temperature.

e YPBS (Yeast Extract Peptone Dextrose medium with Sorbitol) agar: 18 %
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2.1.3.4

(w/v) sorbitol and 2 % (w/v) agar were added to YPD medium before the
autoclaving step, then 2 % (w/v) filter-sterilised glucose was added to the
medium and stored at 4°C.

BMGY (Buffered Glycerol-complex Medium) & BMMY (Buffered Methanol-
complex Medium): in 1 L final volume, 0.5 % (w/v) yeast extract and 1 % (w/v)
peptone, 100mM potassium phosphate buffer pH6, 1.34 % (w/v) yeast
nitrogen base (YNB) and 0.4 pg/mL biotin were added and the media
autoclaved. Next, 1 % or 0.5 % (v/v) of filter-sterilised glycerol or methanol

were added to the BMGY and BMMY media, respectively.

Protein screening

For the analysis of proteins with SDS-PAGE gel and western blot, the following buffers

were used:

10X SDS-PAGE running buffer: 248 mM Trizma, 1.92 M glycine and 1 % (w/Vv)
SDS were dissolved in 1 L final volume of distilled water to prepare 10X stock
solution. The buffer was then diluted to 1X for running the gel.

2X Non-Reducing Sample Buffer (NRSB): For 100 mL, 125 mM Trizma pH7, 20
% (v/v) glycerol, 4 % (w/v) SDS and 0.1 % (w/v) bromophenol blue were
dissolved and the buffer kept at 4°C.

2X Reducing Sample Buffer (RSB): prepared by adding 5% B-mercaptoethanol

to 100mL of non-reducing sample buffer.
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2.2 Methods

2.2.1 PCR and agarose gel electrophoresis

For all PCR work, RNase and DNase pyrogen-free materials were used, and these
include sterile filter tips with strip PCR tube (STARLAB, UK) and ultra-pure water
(Invitrogen, UK). All primers used in this project were designed using SnapGene
software. These primers were purified according to the purpose of the PCR reaction.
For cloning and sequencing application, the primers were desalted. For site-directed
mutagenesis, they were purified with HPLC or PAGE. They were prepared with
nuclease-free water to a concentration of 100 uM (see Tables 2-1 and 2-2 for
amplification and cloning primers lists) and the final concentration of primers in the
PCR reaction was 0.5 uM. All cycling was performed on a PTC-200 (MJ Research)
Peltier gradient thermal cycler. For the thermal cycling conditions of PCR, see sections
3.2.1.2 and 4.2.1. Following the PCR reaction, agarose gel electrophoresis was used to
analyse the PCR product. The gel was prepared by dissolving appropriate amounts of
agarose powder in 0.5X Tris-borate EDTA (TBE) buffer (Thermofisher Scientific, UK)
then the solution was microwaved until all the agarose powder was dissolved (usually
7-10 minutes). Following the heating step, the solution was cooled to 50-60 °C to and
mixed with ethidium bromide at a final concentration of 0.5 pug/mL. Next, the solution
was poured into the gel tray with a well comb and cooled at room temperature until
the gel was made up. Different percentages of agarose gel (0.8 to 2 %) were prepared
based on the size of the PCR products. The samples were loaded into the gel in parallel
with a DNA ladder (1 kb or 100 bp, New England Biolabs, UK) and run at 100 volts for
one hour. Finally, the gel was visualised using the Gene Genius Gel Imaging System

(Syngene, UK).
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Table 2-1: Amplification primers.

Primer Name

5’-3’ Sequence

1gG Fc S267E/H268F FOR

GTGGTGGACGTGGAGTTCGAAGACCCTGAG

1gG Fc S267E/H268F REV  CACGCATGTGACCTCAGGGGTCC

1gG Fc S267E FOR
1gG Fc S267E REV
1gG Fc G236A FOR
1gG Fc G236A REV
1gG Fc 1332E FOR
1gG Fc 1332E REV
1gG Fc S324T FOR
1gG Fc S324T REV
1gG Fc L328F FOR
1gG Fc L328F REV
1gG Fc S239D FOR
1gG Fc S239D REV
I1gG Fc Avi-His FOR

1gG Fc Avi-His REV

IgE-Fc Avi-His FOR

IgE Fc Avi-His REV

1gG Fc- Pichia FOR
1gG Fc- Pichia REV
IgE Fc- Pichia FOR
IgE Fc- Pichia REV
IgE Ce2-Ced4 FOR
IgE Ce2-Ce4 REV
IgEK Avi-His FOR

IgEK Avi-His REV

IgG Fc- pTTS FOR
IgG Fc- pTTS REV

IGE FCphezzo - PTTS FOR
IGE FCphezzo - PTTS REV

IgE Fc- pYD5 FOR
IgE Fc- pYD5 REV

GTGGACGTGGAGCACGAAGACCCTGAG
CACCACGCATGTGACCTCAGGGGTC
CTGAACTCCTGGCCGGACCGTCAGTC

GTGCTGGGCACGGTGGGCATG

CTCCCAGCCCCCGAGGAGAAAACCATC
GGCTTTGTTGGAGACCTTGCACTTGTACTCCTTGC
CAAGTGCAAGGTCACCAACAAAGCCCTC
TACTCCTTGCCATTCAGCCAGTCCTGGTG
CAACAAAGCCTTCCCAGCCCCCATC
GAGACCTTGCACTTGTACTCCTTGCCATTCAGC
CCTGGGGGGACCGGACGTCTTCCTCTTC
AGTTCAGGTGCTGGGCACGGTGGGCATG
GAATGGCATGAACATCATCATCATCATCATTGAGTGCTAGCTGGCCAGA
CATGATAAGATACATTG
GATCTTTTGAGCTTCAAAAATATCATTCAGTCCTTTACCCGGAGACAGGG
AGAGGCTCTTC
GAATGGCATGAACATCATCATCATCATCATTGACGTACTCCTGCCTCCCTC
TAGACCTAGCTG
GATCTTTTGAGCTTCAAAAATATCATTCAGTCCTTTACCGGGATTTACAGA
CACCGCTCGCTG

TATTAAGCTGCAGACAAAACTCACACATGCCCACCG
TATTAATGCGGCCGCTTTACCCGGAGACAGGGAGAGGC
TATTAAGCTGCAGCTAGCACACAGAGCCCATCCGT
TATTAATCGCGGCCGCTTTACCGGGATTTACAGACACCGCT
GTCTGCTCCAGGGACTTCACCCCGCCCACCGTGAAGATCTTACAGTC
CGAATTCGTGACAAGTGCAAGACTTAGTGCAATGCAAGACAGGAGTTGC
TGGCACGAGGGCGGCTCTCACCACCATCATCACCATTGATGTACAGCTAGC
TGGCCAGACATGATAAGATAC
CTCGATCTTCTGAGCCTCGAAGATGTCGTTCAGGCCAGCAGCGGCTTTACCG
GGATTTACAGACACCGCTCGCTG
TCAGCAGATATCGGACAAAACTCACACATGCCCAC
TTAATAGCGGCCGCTCAATGATGATGATGATGATG
TATAATGATATCGTTCACCCCGCCCACCGTGAAGATC
GCAGCAGGATCCTCAATGATGATGATGATGATG
CTACTAGGATCCGTCTGCTCCAGGGACTTCACC
TAGTAGGATATCATGATGATGATGATGATGGTCGACG
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Table 2-2: List of colony PCR and sequencing primers.

Construct Primer Name 5’-3’ Sequence
Backbone
pPICZ alpha B IgG Fc- Pichia FOR TATTAAGCTGCAGACAAAACTCACACATGCCCACCG
pPICZ alpha B IgG Fc- Pichia REV TATTAATGCGGCCGCTTTACCCGGAGACAGGGAGAGGC
pPICZ alpha B IgE Fc- Pichia FOR TATTAAGCTGCAGCTAGCACACAGAGCCCATCCGT
pPICZ alpha B IgE Fc- Pichia REV TATTAATCGCGGCCGCTTTACCGGGATTTACAGACACCGCT
pPICZ alpha B Seq-Primer-Pichia AGAAGGGGATTTCGATGTTGC

FOR
pPICZ alpha B Seq-Primer-Pichia GCAAATGGCATTCTGACATCC

REV
pFUSE vectors Seq-Primer pFUSE CATGTACAGGATGCAACTCC

FOR
pFUSE vectors Seq-Primer pFUSE CACTGCATTCTAGTTGTGG

REV
pVITRO1-dv- Seqg-primer IgEK FOR CATGCCTGAGGACATCTCG
IgEK
pTT5 pTT5 FOR GATATTCACCTGGCCCGATCTG
pTT5 pTT5 REV GGTTCAGTTGGCAAGTTGTACCA
pYD5 pYD5 FOR GCTCTGCACAACCACTACACG
pYD5 pYD5 REV GTCCTTCCGAGTGAGAGACAC

2.2.2  Preparation of bacterial competent cells by the Inoue method

Escherichia coli XL10-Gold or DH5a were inoculated in 10mL SOB medium to grow
overnight at 37°C with a shaking speed of 250 rpm. The next day, 125 mL of fresh SOB
medium was inoculated in a 1 L flask with 5 ml of overnight culture and incubated at
25°C until ODgyo reached 0.55. The cells were then placed on ice and divided into to 4
centrifuge tubes (each contains 30mL) and centrifuged at 2,500 g for 10 minutes at
4°C. The cell pellets from two centrifuge tubes were resuspended in 20mL Inoue
buffer to obtain 40mL of cell-containing buffer in two centrifuge tubes. Next, the same
centrifuge step was used and the cell pellets of each tube were resuspended in 5mL
Inoue buffer then pooled together to obtain 10 mL in total. 750 uL of DMSO was
added and mixed gently. Finally, the cells were incubated for 10 minutes at 4°C and
the Eppendorf tubes were used to prepare 100 puL aliquots before being frozen in

liquid nitrogen and kept at -80°C until use.
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2.2.3  Preparation of P. pastoris for electroporation

P. pastoris X-33 was grown in 5 mL of YPD medium at 30 °C overnight. The following
morning, 500 mL of fresh YPD medium was inoculated in a 2 L flask with 0.25 mL of
overnight culture and incubated overnight at 30 °C until ODgy reached 1.3-1.5. Cells
were pelleted by centrifugation at 1,500 g for 5 minutes at 4°C, and the pellet re-
suspended in 500 mL of ice-cold sterile water. The centrifuge step was repeated a
further three times, with the pellet re-suspended in 250 mL ice-cold sterile water,
followed by 20 mL of ice-cold 1 M sorbitol, finishing with 1 mL of ice-cold 1 M sorbitol,

resulting in a final volume of approximately 1.5 mL. Cells were kept on ice until use.

2.3  Mammalian cell culture

All cell culture work was undertaken in a class Il microbiological safety cabinet under

sterile conditions.

2.3.1 Cell maintenance and freezing
2.3.1.1 Adherent cells

In a cell culture incubator maintained with 5% CO,and at 37°C, RBL cells (RS-ATL8 and
NFAT-DsRed) and adherent HEK 293 cells were cultured in sterilised 75 cm? flasks with
vented caps, with 15 mL of MEM and DMEM media , respectively. These media were
supplemented with 10 % of FBS, 1% penicillin-streptomycin and 1 % L-glutamine. After
every 2-3 days, the medium was changed when the cell confluency reached 80-100 %
using a cell splitting ratio of 1/10. This process is performed by discarding the old
medium and washing the cells with 10mL of DPBS without Ca** or Mg**, and then 2-
3mL of trypsin-EDTA is added to the flask and the cells incubated for 10-15 minutes.
Next, the cells are harvested in falcon tubes and completed to 10mL with fresh

medium to be centrifuged at 450 — 600 g for 5 minutes. The cell pellet is then diluted

41



to 10 mL of fresh medium and 1 mL of this cell containing medium is transferred to
the flask with 9 mL of fresh medium to prepare the 1/10 splitting proportion. Finally,
the selective antibiotics were added to the corresponding cultures to maintain the
expression of the transfected genes.

To prepare stocks of the cells, the harvested cells after the splitting step were
resuspended in the freezing medium (10 % of DMSO in MEM or DMEM medium) at
concentration of 5-10x10° cells/mL and aliquots in cryogenic storage vials (Thermo
Fisher Scientific, UK). Before transferring these vials to liquid nitrogen storage, a Mr.
Frosty Freezing Container (Nalgene, USA) was used to store the cells at -80°C

overnight.

2.3.1.2 Suspension cells

In sterile conditions at 37°Cin 5 % CO,, HEK293-6E cells were thawed and added to a
disposable 125 mL Corning Erlenmeyer flask containing 16mL of FreeStyle F17
Expression Medium supplemented with 2 % L-glutamine and 0.1 % kolliphor P-188
without G418 on an orbital shaker plate which started at 120 rpm. Once the cells
reached 1 x10° cells/mL, they were diluted with the same amount of fresh F17
medium, and then 25 pug/mL G418 (Invitrogen, USA) was added as soon as the cells
established a doubling time (=20-24 hours). The cells were maintained by diluting

them every three days to a cell density of 0.25x10°.

To freeze HEK293-6E cells, a freezing mixture (10 % of DMSO in F17 medium) was
added to the harvested cells to obtain a density of 5-50x10° cells/mL, and aliquots
were prepared in cryogenic storage vials to be stored in a Mr. Frosty Freezing
Container at -80°C for overnight, and on the following day they were transferred to

liquid nitrogen storage.
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2.3.2  Preparation of transfection reagent (Polyethyleneimine, PEI)

Ina1Lglass beaker on a stirring plate, Linear PEl with MW=25,000 (Polysciences, Inc.,
USA) was prepared by adding 500mg to sterilised water (final concentration 1mg/mL),
followed by dropwise addition of HCI to adjust the solution to pH < 2.0. Then after a
few minutes, more HCl was added to readjust the pH to < 2.0. It was stirred for 2-3
hours at maintained pH < 2.0 until the PEI had fully dissolved. Once this step was
achieved, NaOH was added to return the pH to 7.0. Finally, the solution was filtered

through 0.22 um membrane to sterilise, and aliquots were stored at -20°C.
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Chapter 3. Design, expression, and purification of recombinant
mutant IgG Fc variants and IgE Fc

3.1 Introduction

The first objective of this work was to design mutant higG Fc variants and hiIgE Fc
expression constructs for the production of proteins with high binding affinity to
effector cell Fc receptors, and the expression of these mutants as ligands on the
surface of the delivery vehicle. These Fc recombinant proteins are designed to aid in
controlling the harmful effects of activated immune cells (mast cells and basophils) by
co-aggregation of the inhibitory receptor (FcyRIIB) with the activating receptors
(FceR1)*%*! However, due to the differences in receptor binding affinity between the
higE and higG Fc regions (Kd > 10° M and > 107 M respectively),* the higG Fc variants
require enhanced binding affinity for a more balanced distribution ratio of higG to
higE regions on the surface of micro particles. Once achieved, this higher binding
affinity will permit the engagement of inhibitory signalling at a lower concentration

than the native 1gG (Figure 3.1).

Generally, the Fc region mediates IgG binding to all effector molecules, including Fcy

receptors and complement factor Clg; modification of this region can cause

183,184

significant alteration of binding affinity to effector receptors . Moreover,

engineering of the Fc region of human IgG to create Fc variants with improved binding
affinity for the Fcy receptor (FcyRIIB) has been reported by several studies®? 1871,
This enhanced activity is achieved by changes in the amino acid sequence which are
obtained from either random mutational analysis or rational computational
analysis."®® The site selected for amino acid substitution in the I1gG Fc region is

primarily in the Cy2 domain, which plays a crucial role in binding FcyRIIBlgg’lsg.
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Figure 3-1: schematic diagram of streptavidin coated micro particles conjugated with
Fc regions of IgG and IgE.

(A) The stoichiometric ratio between wild type human IgE and IgG Fc (hIgE Fc and higG
Fc) on the micro particle surface. (B) An enhanced stoichiometric ratio between wild
type higE and an engineered hlgG Fc with enhanced binding affinity.

In this chapter, different strategies were developed to optimise the expression and
purification of hlgG Fc variants and hlIgE Fc recombinant proteins (Figure 3.2). In the
case of 1gG Fc fragments (the CH2 and CH3 domains), we aimed to design a series of
mutant IgG Fc fragments with enhanced FcyRIIB affinity, and express, purify, and
conjugate these to micro particles. A 6xHis-tag and an AviTag were inserted at the C-
terminus to aid in purification and particle conjugation respectively. 6xHis and AviTags
were also inserted at the C-terminal of the IgE Fc (CH1-CH4). Two modifications were
made in IgE Fc expression trials: expression with a Kappa constant chain, and deletion

of the first domain of IgE constant region.
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Figure 3-2: Schematic diagram of the expression strategies of IgG and IgE Fc proteins.
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3.2

3.21

Experimental procedures

Generation of 1gG Fc variants and IgE Fc constructs

All IgG and IgE expression vectors are summarised below in Table 3.1.

Table 3-1: Summary of IgG Fc and IgE Fc derivative constructs.

Construct name Mutation positions Vector Fc variant
backbone ID
pFUSE-EFT+EA-6xHis/Avi S267E/ H268F/ S324T/ 1332E/ pFUSE-hIgG1- EFT+EA
G236A Fc2
pFUSE-EF-6xHis/Avi S267E/L328F pFUSE-hlgG1- EF
Fc2
pFUSE-DE-6xHis/Avi $239D/ S267E pFUSE-hlgG1- DE
Fc2
pFUSE-hlgG1-Fc-6xHis/Avi - pFUSE-higG1l-  WT-hIgG
Fc2 Fc
pFUSE-CHIg-hE-6xHis/Avi - pFUSE-CHIg-hE  WT-hIgE Fc
pFUSE-CHIg-hE(2-4)- - pFUSE-CHIg-hE  WT-hIgE(2-
6xHis/Avi 4)
pVITRO1-dv-IgEK- - pVITRO1-dv- DV-IgEKayi
6xHis/Avi IgEK
pPICZ alpha B-EFT+EA- S267E/ H268F/ S324T/ 1332E/ pPICZ alpha B EFT+EA
6xHis/Avi G236A
pPICZ alpha B-EF- S267E/L328F pPICZ alpha B EF
6xHis/Avi
pPICZ alpha B-DE- $239D/ S267E pPICZ alpha B DE
6xHis/Avi
pPICZ alpha B-hlgG1-Fc- - pPICZ alpha B WT-hlgGFc
6xHis/Avi
pPICZ alpha B-CHIg-hE- - pPICZ alpha B WT-hIgE Fc

6xHis/Avi
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3.2.1.1 Site-Directed Mutagenesis

Site directed mutagenesis was used to create the Fc variants of IgG. The whole
plasmid was amplified using back-to-back primers, one of which contained the desired
mutation. Three constructs with different mutations were generated, one with
quintuple mutations and two with double mutations (Table 3-1). Amino acid
substitution was done one at a time to enable confirmation of the presence of each
mutation. Site directed mutagenesis was also used to add affinity tags (6xHis and
AviTags) to the C-terminus of the sequence of the IgG Fc variants and IgE Fc domains,

and to delete the first domain of IgE Fc (Figure 3-3).

Engineering Strategy PCR product Final product

|
H My
!77% Forward primer

Substitution

Reverse primer

Insertion N— . Forward primer

ﬂprim:\

/ |

/ Forward primer /\
D
) f \

Deletion

7 Reverse primer

Figure 3-3: Schematic diagram showing site directed mutagenesis strategies.
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3.2.1.2 Polymerase chain reaction amplification

Phusion High Fidelity DNA polymerase (New England Biolabs, USA) was used in site
directed mutagenesis to amplify the whole plasmid containing genes for IgG and IgE
Fc fragments, and to amplify the same genes to be cloned into P. pastoris expression
vectors. PCR consisted of a 3-step thermal cycling protocol according to the
manufacturer’s instructions using the primers listed in Table 2-1. The cycling
condition was set up as follows: initial denaturation at 98°C for 30 seconds, followed
by 25 cycles of: denaturation at 95°C for 10 seconds, annealing at 72°C for 30 seconds,
and extension at 72°C for 30 seconds/kb, with a final at 72°C, 10-minute extension

step.

3.2.1.3 Cloning

Gene products generated by site directed mutagenesis were ligated directly into the
desired vector using a Quick ligation kit (New England Biolabs, USA). 5 pL of PCR
product was added to 5 pL of 2x Quick Ligation buffer and 0.5 uL of T4 DNA ligase. The
reaction was mixed thoroughly and incubated at room temperature for 5 minutes,
before being chilled on ice and stored at -20°C. For cloning into a P. pastoris vector,
the amplified PCR products of I1gG and IgE Fc fragments and the pPICZ alpha B vector
were digested with Pstl and Notl restriction enzymes under conditions specified by
the manufacturer. Digested products and vector were purified by a Wizard® SV Gel
and PCR Clean-Up System (Promega, UK) and mixed in a 3:1 molar ratio (insert to
vector) before being ligated with the aforementioned Quick ligation kit according to

the manufacturer’s protocol.

The ligation mixtures of both amplification strategies were used to transform XL10
gold ultra-competent cells for plasmid propagation using the heat shock method. The

competent cell and plasmid mixtures were incubated on ice for 30 minutes before
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being placed at 42°C for 45 seconds, this was followed by 2 minutes incubation on ice.
After the heat shock procedure, cells were grown in LB medium for one hour at 37 °C
before being plated onto LB agar containing 50 pug/mL zeocin (InvivoGen, USA) for
selection. Plates were then incubated overnight at 37 °C. To determine the success of
the mutagenesis, random colonies were picked and cultured overnight at 37 °Cin LB
media supplemented with 50 pug /mL zeocin. The following morning, plasmids were
extracted using the Wizard® Plus SV Minipreps DNA Purification System (Promega,
UK). In Pichia cloning, separate colonies were selected for colony PCR screening using
JumpStart Taq DNA polymerase (Sigma Aldrich, UK) with primers shown in Table 2-2
and an annealing temperature of 58°C. Agarose gel electrophoresis of the PCR
products was used to confirm gene insertion. Positive colonies were picked and grown
in LB medium supplemented with 50 pg/mL zeocin and the plasmids purified. All
vectors were sent to Source BioScience LifeSciences for DNA sequencing, along with

appropriate sequencing primers (Table 2-2).

3.2.2  Expression in P. pastoris cells
3.2.2.1 Transformation using electroporation method

pPICZ alpha B derivative constructs were linearised by digestion with Pmel (New
England Biolabs, USA) and concentrated to 1 pg/uL before being mixed with
electrocompetent Pichia cells. 10 pg of linearized DNA was mixed with 80 pL of cells
in an ice-cold 0.2 cm electroporation cuvette and incubated for 5 minutes on ice. The
cells were pulsed by a Micro Pulser ™ electroporation device (Bio-Rad, UK) according
to the manufacturer’s instructions for yeast. Following the incubation step, 1 mL of
ice-cold 1 M sorbitol was immediately added to the cuvette and the content of the
cuvette were collected and transferred to a sterile 15 mL tube and incubated without

shaking at 30°C for 1.5 hours. Following incubation, 20 and 200 pL of the
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electroporation mixtures were spread on YPD media with sorbitol (YPDS) agar plates
containing 100 pg/mL of zeocin and incubated for 3 days at 30°C, with covering the

plates to prevent light degradation of zeocin.

3.2.2.2 Genomic DNA isolation of transformed Pichia cells for PCR screening

From Pichia cell cultures grown overnight at 30°C in YPD media, 1.5 mL was
transferred to a microcentrifuge tube and the cells pelleted by centrifugation at
20,000 g for 5 minutes. 200 puL of Harju lysis buffer (2 % Triton X-100, 1 % SDS, 100
mM NacCl, 10 mM Tris-HCI, 1 mM EDTA, pH 8.0) were added. Tubes were immersed in
liquid nitrogen for 2 minutes, followed by incubation at 95°C for 1 minute; this step
was repeated twice. The tubes were mixed by vortex for 30 seconds, and 200 pL of
chloroform was added followed by a further 2 minutes mixing. A 3 minute, 20,000 x g
centrifugation step was carried, resulting in two distinct layers; the upper layer was
transferred to a new microcentrifuge tube containing 500 pL cold ethanol, followed
by gentle mixing. DNA was precipitated by incubation at -20°C for 10 minutes,
followed by a centrifugation step of 20,000 g for 5 minutes. Supernatants were
removed and pellets were washed with 500 uL of 70 % ethanol, followed by another
centrifugation step and the supernatant removed. Pellets were dried by incubation at

60°C for 5 minutes and re-suspended in 50 plL of water.

3.2.2.3 Protein expression screening

Eight to ten colonies were randomly picked and inoculated separately in 200 uL fresh
YPD medium supplemented with 100 ug/ mL zeocin and grown overnight with shaking
at 30°C. The following morning, 10 uL of each culture was grown in 1 mL of Minimal
Glycerol media (MGY) with 100 pug/mL zeocin in 24-well plates (Corning Life Science,
USA) overnight with shaking at 30°C. Cells were harvested by centrifugation at 3000 x

g for 5 minutes at room temperature and washed in Minimal Methanol medium (MM)
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to remove any glycerol residue. The centrifugation step was repeated after decanting
the supernatant and the cells re-suspended in MM medium for induction of protein
expression. Methanol was added every 24 hours to final concentration of 1 % to
maintain expression. Cells were pelleted by centrifuged at 1,300 x g for 5 minutes at
room temperature and the supernatant collected to be analysed by dot-blotting to

screen for expression of 1gG and IgE Fc proteins.

3.2.3 Protein expression in adherent HEK-293 cells

3.2.3.1 Stable Expression

Human Embryonic Kidney 293 (HEK-293) cells were cultured in sterile conditions at
37°C with 5 % CO, in a humidified incubator and transfected with 0.25 ug of pFUSE
derivatives vectors using X-tremeGENE9 DNA transfection reagent (Roche
Diagnostics, Germany) in 24-well plates at 70 to 80 % confluency. A ratio of 6:1 (v/w)
of transfection reagent/DNA was used to prepare the transfection mixture in Opti-
MEM Reduced Serum Medium (Thermo Scientific, UK) according to the
manufacturers recommended conditions. After 24 hours, pDsRed-Express N1
(Clontech, USA), which is a constitutively expressed red fluorescent protein, was used
as reporter to evaluate the transfection efficiency, and the transfected HEK-293 cells
were visualised by fluorescence microscopy on an EVOS fluorescence microscope
(Advanced Microscopy Group, now part of Thermo Scientific, UK). The next day, the
medium was changed and cells were selected in Dulbecco's Modified Eagle's Medium
(DMEM) with 10 % FBS, 1 % penicillin-streptomycin, 1 % L-glutamine (Sigma Aldrich,
UK) and 300 pg/ mL zeocin. Medium was changed every 2-3 days. When the cells
reached confluency, they were detached from the plates using trypsin-EDTA (Sigma
Aldrich, UK) and transferred to 6 well-plates, T25 flasks and T75 flasks (Corning Life

Science, UK). The supernatants were collected for analysis of the secreted proteins
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using SDS-PAGE, stained with both instant blue staining and Western blotting as

described in section 3.2.4.

3.2.3.2 Transient Expression

In a T75 flask, HEK-293 cells were grown in DMEM with 10 % FBS, 1 % penicillin-
streptomycin and 1 % L-glutamine with a medium change every 2-3 days. At 70-80 %
confluency the cells were washed with Dulbecco's Phosphate-Buffered Saline without
calcium and magnesium (DPBS) (Sigma Aldrich, UK) and detached by trypsinisation for
transfer into two T225 flasks. Each of these flasks was sub-cultured to confluency with
the same maintenance procedure and again split two ways, this time making 4 T225
flasks. The process was repeated once more, resulting in 8 T225 flasks of cells.
Transfection was conducted using the Geneluice transfection reagent (Merck
Millipore, USA) at a ratio of 3:1 (Geneluice to pFUSE derivatives vectors) in Opti-MEM
medium when the cells reached 70-80% confluency. Transfection mixture was
prepared by adding Opti-MEM media to 960 pL of Geneluice transfection reagent up
to a final volume of 320 mL, followed by mixing and incubation for 5 minutes. DNA
vector was added to a final concentration of 1 ug/mL and incubated for 15 minutes at
room temperature. The transfection mix was divided equally between the 8 T225
flasks and cultures maintained at 37°C with 5 % CO,. The next day, media were
replaced with fresh Opti-MEM media supplemented with 3.75 mM valproic acid and
incubated for further 6 days. Following this, the supernatant was harvested by
centrifugation at 2,000 g for 15 minutes at 4°C. Several cOmplete®, Mini, EDTA-free |
protease inhibitor cocktail tablets (Roche, UK) were added to the supernatant for
storage at 4°C in preparation for the batch purification step as described in section

3.2.5.
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3.2.4 Analysis of secreted IgG and IgE Fc proteins

3.2.4.1 SDS-PAGE and Coomassie staining

The supernatants of the Pichia and HEK-293 expression cultures were mixed with an
equal amount of 2x reducing and non-reducing sample buffers (RSB & NSRB) before
heating at 100°C for 5 minutes. 15 to 20 puL of samples were loaded into gels (4-20 %
Mini-PROTEAN® TGX™ Precast Protein Gels, Bio-Rad, UK) and run in SDS-PAGE buffer
in Mini-PROTEAN™ Tetra Cell (Bio-Rad, UK) for protein separation. Instant blue
staining (Expedeon, UK) was used for protein detection and the gel was incubated for
45 minutes at room temperature with shaking before being washed with deionised

water.

3.2.4.2 Western and Dot blotting

After SDS-PAGE separation, proteins were transferred to 0.2 um nitrocellulose
membrane using a semi-dry transfer method (Trans-Blot® Turbo™ Transfer System,
Bio-Rad, UK). For dot blotting, a Microfiltration unit (Thermo Scientific, USA) was
loaded with 400 pul of supernatant from Pichia cultures to coat a preactivated PVDF
membrane with methanol (Bio-Rad, UK). Next, both membranes (nitrocellulose and
PVDF) were blocked with 5 % skimmed milk in a Tris buffered saline buffer with 0.01
% Tween 20 (TBS-T) for 1 hour at room temperature with shaking. After blocking, the
membrane was incubated with anti-Human IgG Fc or anti-Human IgE Fc peroxidase-
conjugated antibodies (Sigma Aldrich, UK) at dilutions of 1:4,000 and 1:10,000
respectively and incubated overnight at 4°C. The following day, membranes were
washed four times with TBS-T. Chemiluminescence reagents (250 mM luminol, 90 mM
coumaric acid and 30 % H,0, dissolvedin 100 mM Tris-Cl (pH 8.0)) were added for
protein detection and membranes were visualised using a Fuji LAS 4000 imager. For

detection of c-Myc tagged proteins, the membrane was incubated overnight after
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blocking with a mouse anti-c-Myc:Biotin antibody (Bio-Rad, UK) at dilution of 1:5,000.
Unbound primary antibody was removed by washing four times with TBST, and
followed by incubation for one hour with a Streptavidin-Horseradish Peroxidase (HRP)
conjugated secondary antibody (Bio-Rad, UK) diluted 1:5,000. 6xHis-tagged proteins
were detected using a mouse anti-His primary antibody and a goat anti mouse 1gG
HRP conjugated secondary antibody (Sigma Aldrich, UK) following the same protocol

as c-Myc tag detection. Both antibodies were diluted 1:3,000.

3.2.5 Protein purification using immobilised metal affinity chromatography (IMAC)
3.2.5.1 Column purification

Purification of His-tagged 1gG Fc proteins from stable transfection cultures was carried
out using gravity column chromatography. Filtrated supernatants were loaded onto a
PD-column (Bio-Rad, UK) containing nickel resin (cOmplete His-Tag Purification Resin,
Roche, UK) using an EP-1 Econo Pump (Bio-Rad, UK) with a flow rate of 2 mL/min. The
column was washed (20 mM Tris-Cl, 300 mM NaCl, pH 7.6) at the same flow rate
before elution with an increasing concentration of elution buffer (20 mM Tris-Cl, 300
mM NaCl, 500 mM imidazole, pH 7.6). Eluted fractions were evaluated using SDS-

PAGE gel and instant blue staining.

3.2.5.2 Magnetic bead purification

A Dynabeads® His-Tag Isolation & Pulldown (Thermo Scientific, UK) kit was used to
partially purify proteins from samples containing 1gG Fc proteins from stable and
transient expression. Dynabeads were prepared by vortex mixing of the vial, followed
by transfer of the beads to a microcentrifuge tube and removal of the supernatant
using an EasySep™ Magnet (STEMCELL Technologies, Canada). Filtered supernatant
was mixed with an equal amount of binding/washing buffer (100 mM sodium

phosphate, 600 mM NaCl, 0.02 % Tween 20, pH 8.0) and added to the beads. The
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suspension was incubated for 5 minutes on a roller at room temperature, and placed
in the EasySep™ Magnet in a standard FACS tube for 2 minutes to remove the
supernatant. Beads were washed 3 to 4 times with 300 pL of the washing buffer, using
the EasySep™ Magnet to remove supernatant. Protein was eluted by mixing the beads
with 100 pL of elution buffer (100 mM sodium phosphate, 600 mM NaCl, 0.01 %
Tween 20, 300 mM imidazole, pH 8.0) and incubation for 5 minutes. The supernatant
was collected for evaluation of protein purity using SDS-PAGE and instant blue

staining.
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3.3 Results

3.3.1 Designing and cloning of IgG Fc variants and IgE Fc into expression vectors
The choice of Fc variants to utilise was based on published studies. Three IgG Fc
variants which have been described to increase the binding affinity to FcyRIIB receptor
were selected: one with a quintuple mutation, EFT+EA, and two with double

mutations, EF and DE (Table 3-2).

Table 3-2: Mutations introduced into hlgG1 and increased binding affinity for FcyRIIB.

Sample ID Mutations Fold increase in FcyRIIB binding*
EFT+EA S267E/ H268F/ S324T/ 1332E/ G236A 120

EF S267E/L328F 100 430

DE $239D/ S267E 150

* These fold increase is according to published studies™' ™%,

Sited directed mutagenesis was used to incorporate mutations into the vector,
amplifying the whole 1gG Fc (pFUSE-hlgG1-Fc2, 4194 bp) vector in the process.
Analysis by gel electrophoresis (Figure 3-4), shows the three constructs that were
generated, one with EFT+EA mutations (Figure 3-4A, lane 2; and lane 1 of 3-4B, 3-4C,
and 3-4D). The second construct with EF mutations is present (Figure 3-4A, lane 1; 3-
4B, lane 2) and the third construct with DE mutations was also successfully cloned

(Figure 3-4A, lane 1; 3-4B, lane 3).
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Figure 3-4: Gel electrophoresis seperation of IgG-Fc vector after site directed
mutagenesis method.

IgG-Fc vector (4194 bp) mutant vector constructs were separated in a 1.2 % agarose
gel with 1 kb ladder. (A) Lane 1: vector containing mutation S267E; lane 2: vector
containing both S267E/H268F mutations. (B) Lane 1: vector with I332E mutation; lane
2: vector with L328F mutation; lane 3: vector with $239D mutation. (C) Vector with
$324T mutation. (D) Vector with G236A mutation.

Amplified constructs were subjected to PCR clean up, ligated and transformed into E.
coli XL-10 gold competent cells for plasmid propagation. Random colonies were
picked and grown in LB media before extraction and purification of the vectors. To
confirm the presence of the mutations in the sequence of the generated IgG Fc genes,
DNA sequencing was conducted and the results aligned to the wild type. Mutagenesis
was successful in all three cases: the EFT+EA Fc variant (Figure 3-5), the EF double

mutation Fc variant (Figure 3-6), and the DE double mutant Fc variant (Figure 3-7).
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Figure 3-5: DNA sequencing results showing the first Fc variant with EFT+EA mutations.

(A) The S267E/H268F mutation, (B) the 1332E mutation, (C) the $324T mutation, (D)
the G236A mutation. The top sequence represents the wild type while the bottom

sequence is mutant.
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Figure 3-6: DNA sequencing result showing the second Fc variant with EF mutations.

(A) The S267E mutant, (B) the L328F mutant. The top sequence represents the wild
type while the bottom sequence is mutant.
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Figure 3-7: DNA sequencing result showing the third Fc variant with DE mutations.

(A) The S239D mutant, (B) the S267E mutant. The top sequence represents the wild
type while the bottom sequence is mutant.
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For protein purification and conjugation to micro particles, both tags (6xHis and
AviTags) were added to the C-terminal of both IgG Fc variants and IgE Fc constructs
using site directed mutagenesis. All IgG Fc variants and IgE Fc vectors were amplified
using back-to-back synthetic primers (Figure 3-8). Amplified constructs were cleaned
up, ligated and transformed into E. coli. DNA sequencing (data not shown) confirmed

successful addition of tags to all vectors.

M EFT+EA EF DE WT-IgG Fc M WT-IgE Fc

Figure 3-8: Gel electrophoresis seperation after addition of an AviTag and a 6xHis tag
to the C-terminus of Fc domains.

(A) Amplification of vector DNA for IgG Fc variants (EFT+E, EF, DE) and wildtype 1gG Fc
(pFUSE-hIgG1-Fc2, 4194bp), and (B) WT-IgE Fc (pFUSE-CHIg-hE, 4807 bp).

IgG Fc variants and IgE Fc gene fragments with a 6xHis and an AviTag were cloned
successfully into P. pastoris expression vector (pPICZ alpha B) for expression in
methylotrophic yeast. IgG and IgE Fc fragments (758 bp and 1297 bp, respectively)
were amplified using primers with Pstl and Notl restriction sites. IgG and IgE Fc genes,
along with the pPICZ alpha B vector were subjected to restriction digest, purified, and
mixed, ligated and cloned into E. coli for plasmid propagation. After PCR screening of
the colonies, the samples were sent for DNA sequencing to confirm insertion of the

gene.
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3.3.2 Recombinant expression in the yeast system

Expression was attempted using a yeast host to express the Fc recombinant proteins
from pPICZ alpha B derivative constructs containing IgG Fc variants and IgE Fc genes
generated as described above. These constructs contain alpha-factor signal peptides

for secretion of expressed recombinant proteins (Figure 3-9).

A
Pstl Notl
Ipha-f \\ /
Alpha-factor \ )
AOX1 promoter |' o o1 tide Human IgG-Fc (CH2-CH3) AviTag AOX1 terminator
Stop
B
Pstl Notl
‘ Alpha-factor \
AOX1 promoter | ool peptide Human IgE-Fc (CH1-CH4) AviTag AOX1 terminator
Stop

Figure 3-9: Schematic diagram of the pPICZ alpha B derivative expression cassette.

(A) IgG Fc variants, (B) IgE Fc genes. All Fc genes were cloned using Pstl and Notl
restriction sites. The abbreviations represent the following: (Aox1) alcohol oxidase 1
gene; (I1gG Fc CH2-CH3) IgG Fc gene fragment from domain 2 to 4; (IgE Fc CH1-CH4)
IgE Fc gene fragment from domain 1 to 4; (6xHis) 6-histidine peptide tag; (AviTag)
peptide tag to allow the biotinyaltion by BirA; (Stop/x) Stop codon.

The supernatants of eight transformed P. pastoris X33 cells of each IgG Fc variant were
screened for secreted Fc recombinants protein by dot blot analysis, probed with
antibodies against human IgG and IgE Fc portions as described in the experimental

procedures; the blots show no protein expression for any Fc protein (Figure 3-10).
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Figure 3-10: Dot blot results of recombinant IgG Fc variants and IgE Fc proteins.

(A) Dot blot screening of the supernatants of eight transformed Pichia expression
cultures of each IgG Fc variant: EFT+EA, EF, DE and wild type (WT) IgG Fc. (B) Dot blot
screening of the supernatants of 5 transformed expression cultures with wild type
(WT) IgE Fc expression vector. The negative control was the supernatant of non-
transformed Pichia cells; the positive control was human IgG and IgE proteins (A) and
(B) respectively, at different concentrations (250, 150 and 50 ng). The primary
antibodies used for detection were anti-human IgG, and IgE Fc region conjugated HRP
antibodies.

After the dot blot screening, genomic DNA was extracted from grown yeast colonies
to determine if the expression cassettes had integrated into the Pichia genome and
colony PCR analysis conducted. Figure 3-11 shows that transformation of some
colonies was successful, as bands are present of the expected sizes of the IgG and IgE

Fc genes.
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Figure 3-11: Gel electrophoresis results for PCR screening of transformed Pichia
genomes.

Colony PCR analysis of extracted genomic DNA from transformed Pichia colonies (8
replicates of each IgG Fc variant genes and 5 IgE Fc gene replicates). M denotes the
molecular weight ladder for fragment size estimation.

Pichia cell cultures from colonies which were shown by colony PCR to contain IgG or
IgE Fc genes were screened for protein expression by Western blot. Antibodies against
the hlgG Fc region and the 6xHis polypeptide tag (to detect the IgE Fc protein) were
used to detect expression; revealing that, as seen in the dot blot analysis, expression

of the recombinant proteins by yeast was unsuccessful (Figure 3-12).
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Figure 3-12: Western blot analysis results of recombinant IgG and IgE Fc proteins
transformed in Pichia cells

(A) Western blot of IgG Fc variants protein under both non-reducing (NR) and reducing
conditions (R). Lysate from non-transformed Pichia cells was used as a negative
control and whole human IgG as a positive control (Molecular weight, 150 kDa). (B)
Western blot analysis of wild type IgE Fc protein (WT-IgE Fc) under non-reducing and
reducing conditions, non-transformed Pichia cells were used as a negative control and
a 6xHis-tagged protein (Molecular weight 60 kDa) as positive control. Antibodies
raised against the higG Fc region and the 6xHis polypeptide tag for detection of the
IgE Fc protein were used.

65



3.3.3 Recombinant expression by adherent mammalian cells

The second expression strategy trialled utilised adherent HEK-293 cells. Expression
constructs were formed of the pFUSE vector with inserted 1gG and IgE Fc genes, and
fused in frame with the nucleotides encoding the human interleukin 2 (IL-2) secretory

signal peptide (Figure 3-13).

IL-2
hEF1-HTLV prom | (o™ e Human IgG-Fc (CH2-CH3) AviTag Sv40 pAn| RGlo pAn

Stop!

IL-2
hEFL-HTLV prom | 1" ° tide Human IgE-Fc (CH1-CH4) AviTag Sv40 pAn| RGlo pAn

Stop

I | I |

Figure 3-13: Schematic diagram of pFUSE derivatives expression cassette.

(A) General schematic of the IgG Fc variant constructs (B) Schematic of the IgE Fc
construct. Abbreviations represent the following: (hEF1- HTLV prom) hybrid of
elongation factor 1a and human T-cell leukemia virus promoters; (IL-2) Interleukin 2;
(lgG Fc CH2-CH3) IgG Fc gene fragment from domain 2 to 4; (IgE Fc CH1-CH4) IgE Fc
gene fragment from domain 1 to 4; (SV40 pAn) Simian Virus 40 late polyadenylation
signal for cleavage; (RGlo pAn) human beta-globin 3’UTR and polyadenylation
sequence to arrest transgene transcription; (6xHis) 6-histidine peptide tag; (AviTag)
peptide tag to allow biotinylation with BirA enzyme; (Stop/x) Stop codon.

3.3.3.1 Stable expression of IgG and IgE Fc recombinant proteins

HEK-293 cells were transfected with 1gG and IgE Fc expression vectors using a
commercial transfection reagent (X-tremeGENE 9 DNA) at a 6:1 ratio (v/w) of
transfection reagent to DNA. To evaluate the transfection effienciy, pDsRed-Express-
N1 vector, which encoded red fluorescent protein were used in parallel. After 24
hours, the cells were evaluated for transfection success using fluorescence

microscopy (Figure 3-14).
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Figure 3-14: Fluorescence microscopy image of transfected HEK-293 cells with
pDsRed-Express-N1 vector.

HEK-293 cells were transfected using X-tremeGENE 9 DNA transfection reagent at a
ratio of 6:1 (v/w) (transfection reagent to pDsRed-Express-N1 vector).

Stably transfected HEK-293 cells capable of expressing IgG Fc variants and IgE Fc
proteins were grown in DMEM media supplemented with 300 pug/mL zeocin to
establish the cell line. The culture supernatants (containing secreted proteins) were
screened by Western blot using antibodies raised against the Fc regions of human IgG
and IgE. All three Fc mutant variants of hlgG (EFT+EA, EF and DE) displayed bands of
the expected size in both conditions (reducing and non-reducing), indicating
successful expression (Figure 3-15A). The IgE Fc region (Cel-Ce4) did not produce any
bands with the expected size 100 kDa under either reducing or non-reducing
conditions (Figure 3-15B), indicating expression was unsuccessful. The lack of
expression results of the IgE Fc in both expression systems (yeast and mammalian)
suggests that alternative strategies are required for expression, potentially based on
modification of the sequence of the IgE Fc, rather than using a different expression

system. This will be discussed later in this chapter.
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Figure 3-15: Western blot analysis results of the stable expression of 1gG and IgE Fc
regions from HEK-293 cells.

(A) Expression of IgG Fc variants (EFT+EA, EF and DE) from stable transfection of
HEK-293 cells, with an expected molecular weight of 60 kDa in non-reducing
conditions (NR) and 30 kDa in reducing conditions (R). Detection was achieved
with anti-human IgG Fc region antibodies. Non-transfected cells were used as
a negative control and the positive control was whole 1gG under reducing
conditions.

(B) Western blot for detection of expression of wild type (WT) IgE Fc under both
non-reducing and reducing conditions, detection using an anti-human IgE Fc
region antibody, non-transfected cells were used as the negative control and
the positive control was whole IgE under non-reducing conditions.
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After the successful expression of IgG Fc variant recombinant proteins was confirmed,
the next step was the production of higher yields of purified IgG Fc proteins, sufficient
for downstream experiment. To achieve this, when passaging, the media containing
expressed protein was harvested from the cultures and fresh media added for the
new passages. Collected media (400 ml) was applied to nickel columns for purification
using the IMAC method described in the experimental procedures. Protein purity was
evaluated by SDS-PAGE with Coomassie blue staining, and Western blot of 1gG Fc
variant (DE). These analyses revealed low yield of protein expression, and that some

impurities remained after purification (Figure 3-16).
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Figure 3-16: IMAC purification results of IgG Fc variant (DE) using nickel resin.
(A) Coomassie blue staining (B) and Western blot after IMAC purification with gradient
elution method. Abbreviations are as follows: (FT) flow through fraction; (W) wash
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fraction; (E) elution gradient fractions with 5, 10, 20, 50 and 100 % imidazole; M,
molecular weight ladder. Western blot detection used an anti-human IgG Fc region
antibody, whole IgG was used for the positive control, and non-transfected cells

provided the negative control.

Using a similar IMAC purification concept, harvested supernatants of other 1gG Fc
variants (EFT+EA and EF) were concentrated using Vivaspin™ 20 Centrifugal
Concentrators and applied to cobalt Dynabeads. SDS-PAGE stained by Coomassie blue
clearly showed that the cobalt Dynabeads system produced purer protein than the
nickel resin (Figure 3-17). However, there was still a low protein yield and the stable

expression strategy was thus regarded as unsuitable.
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Figure 3-17: IMAC purification results of IgG Fc variants (EFT+EA and EF) using cobalt
Dynabeads.

(A) Coomassie blue staining and (B) Western blot analysis of purification with cobalt
Dynabeads. Abbreviations represent the following: (FT) flow through fraction; (W1)
wash fraction 1; (W2) wash fraction 2; (W3) wash fraction 3; (E) elution fractions; M,
molecular weight markers. The Western blot was probed with an anti-human IgG Fc
region antibody, whole IgG was used as a positive control and non-transfected cells
were used for the negative control.

3.3.3.2 Transient expression of IgG Fc recombinant proteins

Transient expression was used as an alternative expression strategy in an attempt to
improve vyield of IgG Fc variants. HEK-293 cells were transfected with pEGFP-Tub
vector, encoding green fluorescent protein to assess the transfection efficiency at
different ratios of Genejuice transfection reagent, in order to find the optimal ratio of
transfection. Analysis using fluorescence microscopy revealed that no major
difference could be detected between 3:1 and 6:1 ratios hence 3:1 was chosen as it
requires less transfection reagent (Figure 3-18). 24 hours after transfection, 3.75 mM
valproic acid was added to the medium and the supernatant harvested 6 days later to
be concentrated and purified with cobalt Dynabeads. Coomassie staining and
Western blot analysis of expression (Figure 3-19) did not suggest any major

improvement in the yield of proteins.
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Figure 3-18: Fluorescence microscopy image of transfected with various Genejuice:DNA
ratios.

Three different ratios of transfection reagent to DNA were used to transfect HEK-293
cells (1:1, 3:1, and 6:1) (v/w).
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Figure 3-19: IMAC purification results of 1gG Fc variant (EFT+EA) using Cobalt

Dynabeads.

(A) SDS-PAGE stained with Coomassie blue and (B) Western blot after purification with
cobalt Dynabeads. Abbreviations represent the following: (FT) flow through fraction;
(W1) wash fraction 1; (W2) wash fraction 2; (W3) wash fraction 3; (E) elution fractions;
M, molecular weight markers. Western blotting conducted with an anti-human IgG Fc
region antibody.
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3.3.3.3 Expression of Ig Fc (CH1-CH4) with Kappa light chain and without the
variable region

Modifying the sequence of IgE Fc region to add the Kappa light chain constant region
was another strategy attempted in order to improve expression. The rationale for this
strategy will be described in detail in the discussion section. The expression construct
(pVITRO1-dv-IgEK) has two expression promoters and two different secretory signal
peptides for expression of the protein and extracellular secretion (Figure 3-20). An
AviTag and a 6xHis-tag were added to the protein C-terminal using site directed
mutagenesis, and confirmed by DNA sequencing. Two constructs were used to
transfect HEK-293 cells, one with and one without the C-terminal tags. Six days post
transfection the supernatant was harvested and expression evaluated by Western

blotting.

VH1-02 K light chai
mEF1 prom ) Human IgE-Fc (CH1-CH4) | AviTa rEFlprom |  VKA26 ight chain
Secretory Signal ¢ ( ) g ) Secretory Signal (C- region)

Stop Stop

Figure 3-20: Schematic diagram of the pVITRO1-dv-IgEK-6xHis/Avi expression cassette.

Abbreviations represent the following: (mEF1 and rEF1 prom) elongation factor 1a
promoters from mouse and rat respectively; (VH1-02) immunoglobulin variable heavy
chain secretory signal; (IgE Fc CH1-CH4) IgE Fc gene fragment from domain 1 to 4;
(6xHis) 6-histidine peptide tag; (AviTag) peptide tag to allow biotinylation by BirA
enzyme; (Stop/x) Stop codon; (VKA 26) immunoglobulin kappa chain variable region
secretory signal; (k light chain C-region); constant region of kappa light chain.
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Western blotting demonstrated no expression of proteins of the expected size (125
kDa) either with or without the added tags, indicating that this strategy is not suitable

for IgE Fc region expression (Figure 3-21).
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Figure 3-21: Western blot analysis results of the expression of IgE Fc with the Kappa

light chain. constant region .
IgE Fc with kappa light chain without variable region (dv-IgE-K), either with or without
added peptide tags (6XHis/Avi) is detected. The blot was probed with an anti-human

IgE Fc region antibody. The negative control used was non-transfected HEK-293 cells
and whole IgE in non- reducing condition is the positive control.
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3.3.3.4 Expression of IgE Fc (CH2-CH4)

The IgE Fc final expression strategy was based on modification of the sequence of IgE
Fc by deletion of the first domain (CH1). Site directed mutagenesis was used to
produce this new construct, utilising two non-mutated primers that flank the area to
be deleted. The newly created IgE Fc region gene started at the first amino acid of
domain 2 (Valine, 224) (Figure 3-22). After confirming the new sequence of IgE Fc gene
by DNA sequencing, the pFUSE-CHIg-hE(2-4)-6xHis/Avi construct was used to
transfect HEK-293 cells and after expression supernatants were collected for analysis.
Again no expression (expected size 80 kDa) was detected by Western blot (Figure 3-

23).

( IL-2 Human IgE-Fc ] )
hEFL-HTLY prom | (oo e g AviTag | 6xHis SV40 pAn | RGlo pAn
( ) P ci2 | i3 [ cHa Stop

Valine, 224

Figure 3-22: Schematic diagram of pFUSE expression cassette of IgE (CH2-CH4).

Abbreviations represent the following: (hEF1-HTLV prom) hybrid of elongation factor
1la and human T-cell leukemia virus promoters; (IL-2) Interleukin 2; (IgE Fc CH2-CH4)
IgE Fc gene fragment from domain 2 to 4; (SV40 pAn) Simian Virus 40 late
polyadenylation signal for cleavage; (RGlo pAn) human beta-globin 3’UTR and
polyadenylation sequence to arrest transgene transcription; (6xHis) 6-histidne
peptide tag; (AviTag) peptide tag to allow the biotinylation by the enzyme BirA;
(Stop/x) stop codon; (valine, 224) the first amino acid of the IgE Fc (CH2) gene at
position of 224.
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Figure 3-23: Western blot analysis results of the expression of IgE Fc domains CH2-CH4.

Western blot analysis of the expression of wild type (WT) IgE Fc (CH2-CH4) under both
non-reducing and reducing conditions (NR and R). Detection performed with anti-
6xHis antibody. Non-transfected HEK-293 cells were used for the negative control and
the positive control was a His-tagged protein with a molecular weight of
approximately 60 kDa.
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3.4 Discussion

The aims of the work described in this chapter were twofold: firstly, the production
of recombinant Fc variants of human IgG with enhanced binding affinity to the
inhibitory Fc receptor (FcyRIIB), and secondly, to achieve high-yield expression and
purity of IgE Fc proteins. To achieve these goals the process of expression and
purification required careful optimisation. Three stages were involved in this
optimisation process: engineering of expression vectors containing the Fc variants
with the desired mutations and tags, production in a suitable expression host offering
the correct post-translational modifications, and choice of an appropriate purification

system to obtain highly pure protein yields.

Site-directed mutagenesis was used to genetically engineer Fc variants, this is a
widely-used technique in generation of libraries of mutated proteins for studying
structure-function relationships and site directed mutagenesis of whole plasmids is
considered an efficient, simple and time saving approach compared to other

mutagenesis methods (E.g. cassette and primer extension)'?***

. By applying this
approach, IgG Fc variants with the desired mutations (EFT+EA, EF and DE) were
created by amplifying a whole vector (pFUSE-higG1-Fc2) using tail-to-tail
phosphorylated primers, one of which contained the desired mutations (Figure 3-4).
The newly amplified, linear PCR products of Fc variant genes were ligated at the ends

using DNA ligase and the mutation confirmed by DNA sequencing (Figures 3-5, 3-6,

and 3-7).

A 6xHis tag and an AviTag were added to each Fc variant of IgG and IgE for protein
purification and subsequent conjugation to micro particles respectively. These tags
were added to the C-terminus of the protein to avoid any potential disruption of
interaction between the IgG and IgE Fc regions and their receptors (Figure 3-8). The
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6xHis-tag is commonly used for purification of proteins using IMAC as it is small, easily
added and rarely has an effect on the protein activity. The AviTag is a peptide
sequence of 15 amino acids (GLNDIFEAQKIEWHE) with a lysine residue (highlighted in

bold) that is covalently bound to biotin by a bacterial biotin ligase, BirA™?

. This tag is
attached to allow the protein to be biotinylated and subsequently conjugated to
streptavidin-coated micro particles. Enzymatic biotinylation via the AviTag has several
advantages over a chemical biotinylation method: the enzymatic method results in
site-specific conjugation between the biotinylated Fc variants and micro particles'®,
and chemical biotinylation can result in random multiple biotinylation of any exposed
lysine residue, which can potentially affect the binding properties of Fc regions with
its receptors, or cause aggregation of the streptavidin coated micro particles due to

multiple biotinylation. As Lysine is a very common amino acid, most proteins

biotinylated chemically will carry multiple biotin groups.

The first expression attempted used the P. pastoris expression system. This is a
eukaryotic system suitable for production of antibody fragments, and is recognised as
an ideal host for expression of a wide variety of recombinant proteins due to the
presence of the alcohol oxidase promoter (AOX1), which controls the expression of
foreign proteins. AOX1 permits P. pastoris to utilise methanol in the medium as a
source of carbon in the absence of glucose through a role in catalysis of the first step
of the methanol metabolism. This promoter has been isolated, characterised and

. . . . . 194-1
cloned into various Pichia expression constructs 947196

The P. pastoris expression system is becoming a good alternative platform to
mammalian expression systems, especially in term of producing Fc fragments that

require specific post-translational modifications. Moreover, it is considered faster,
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easier to manipulate and less expensive than mammalian systems and is capable of

producing a high yield of recombinant protein.

Several publications show successful P. pastoris expression of antibody fragments;

197729 However, the dot blot results in this work

either Fc region or fused with scFv
show that IgG and IgE Fc variants were not expressed by the P. pastoris system (Figure
3-10). To confirm whether the IgG and IgE Fc genes were integrated into the Pichia
genome, PCR was used to screen the colonies (Figure 3-11). Some, but not all colonies
had the desired genes successfully integrated into their genomes. Colonies with
successful integration were analysed for expression by Western blot, but still failed to
produce protein (Figure 3-12). The lack of expression of Fc variants might be due to
proteolysis of secreted proteins, the most common problem of expression proteins in
a Pichia system”. Inefficient secretion is another common cause and occurs when
expressing some complex proteins such as GP 120, which is a glycoprotein exposed
on the surface of the HIV envelope®®. Furthermore, yeast transcriptional terminators
also have arole in preventing some proteins from being expressed to detectable levels
due to truncated mRNA. The influence of transcriptional terminators has been
previously observed in Pichia for two proteins, B. sphaericus Bsp2 insecticidal toxin
[P1] and HIV-1 Env. However, this was solved by synthesis of a gene with high GC

202,2
content®*%?%,

Due to the lack of expression of Fc fragments in yeast, the expression system was
switched to a mammalian system. HEK-293 cells were selected as the biochemical
machinery present can express mature and functional proteins with the required
post-transitional modifications®®. Several expression strategies were trialled in this
cell line, the first being stable expression using Zeocin as selective marker. Although
it is time-consuming to generate a stable cell line, stable expression is usually
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preferable for large-scale expression as it allows better control over the quality and

295 HEK293 cells produce a consistent yield of

homogeneity of expressed proteins
expressed protein and do not require large quantities of consumable reagents.
However, when stably transfected the yield of recombinant IgG Fc variants from
HEK293 cells was low (Figures 3-15A and 3-16). There are two main possibilities for
this: the stable cell line was generated using a batch culture method without limiting
dilution (a procedure used to generate clonal populations); therefore potentially
resulting in a polyclonal cell population that can heterogeneously express proteins,

or, the IgG Fc genes could have been integrated into the genome at a low copy

number and/or unfavourable genetic loci.

In an effort to improve yield of IgG Fc variants, transient expression of IgG Fc regions
was trialled in the HEK293 cell line. The aim was to improve the copy number by
transfecting a large amount of 1gG Fc construct DNA using a commercial transfection

reagent (Geneluice), widely used for transient transfection of HEK-293 cells®®® 2% Th

e
optimal ratio of transfection reagent to the DNA was determined by investigating 3
different ratios (1:1, 3:1, and 1:6) of transfection reagent to GFP-expressing construct.
The experiment was analysed by fluorescence microscopy (Figure 3-18). Roughly 40
to 50 % of cells were transfected showing GFP when transfected at two ratios (3:1 and

6:1). The ratio using the least reagents was chosen to maximise the number of

possible transfections.

Transfected cells were supplemented with 3.75 mM valproic acid 24 hours after

transfection. The concentration of valproic acid used was based on published

209-211

studies . Valproic acid is a histone deacetylase inhibitor (iIHDAC) used in transient

212,21 .. . ey .
213 The main impact of valproic acid is

transfections to increase the protein yield
prevention of deacetylation of histones, which is important in regulation of gene
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expression and can lead to more transcriptionally active chromatin®*. Moreover,
valproic acid and other iHDACs can play a role in cell growth arrest and change in the

distribution of the cell cycle®>*'®

. All these modifications add up to enhanced stability
and increased production of mRNA to increase recombinant protein production®’. A
minimum of a 4-fold increase in antibody expression level has been published in the
literature when using iHDACs with transient expressionm. In this research, however,
SDS-PAGE analysis of secreted proteins from transient transfection HEK293 cells did
not show any improvement in the yield of IgG Fc proteins (Figure 3-19). There are a
couple of possible explanations for this result. Recombinant protein yields could be
limited by the available surface area of the adherent cell culture; in a suspension
culture cell density is higher, therefore increasing the potential protein yield. A second

explanation could be that although the reagent ratio was optimised, the transfection

efficiency of Geneluice could be limited as this was used at a low concentration.

Affinity chromatography with protein A, G, or L is regularly used to purify 1gG
fragments, however this is expensive and there is the potential for proteins to be
degraded due to the harsh elution procedure or cleaning conditions, respectively. For
those reasons, IMAC purification with two transition metal ions (Ni*" and Cu®*) was
used to purify the IgG Fc variants. Supernatants containing the secreted IgG Fc variant
(DE) were applied to the nickel resin while the other Fc variants (EFT+EA and EF) were
applied to cobalt Dynabeads (Figures 3-16 and 3-17). Although the supernatants
contain serum proteins which complicate the purification process, both metal ions
show a specificity for 6xHis-tagged proteins. Based on SDS-PAGE analysis, cobalt
Dynabeads showed better protein purification than nickel resin. This agrees with a
previous study in which cobalt showed greater specificity than nickel when purifying

a 6xHis-tagged protein from a mixture®®.
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Three different strategies were used for expression of the IgE Fc fragment based on
modification of the Fc gene sequence. Expression of the IgE epsilon chain (Cel-Ce4)
was the first strategy tested; Western blot analysis shows that this Fc fragment was
not expressed by either yeast or mammalian cell lines (Figures 3-12B and 3-15B).
However, this fragment has been successfully expressed in E. coli, by another research
group and showing the same antigenicity of human IgE, and a molecular weight equal
to that expected from the amino acid sequence®®. The second expression trial was
based around including the constant region kappa light chain in the Fc fragment. This
addition was made as the heavy chain constant region 1 (CH1) is not stable in the
absence of a constant region light chain (CL); the intermolecular disulphide bond
between heavy and light chains provides stability’*’. Although these fragments
(CH1/CL) have been expressed in the periplasm of E. coli *** indicating that this was a
promising strategy, Western blot analysis detected no protein in the expression
supernatant (Figure 3-21), suggesting no expression. The success in the literature of
expressing IgE fragments (Ce2-Ce4) using a mammalian platform®?***, lead to the
development of a third strategy. The first domain of the IgE Fc epsilon chain was
deleted using site directed mutagenesis, beginning the chain at the first amino acid of
the second domain (valine 224). Despite favourable outcomes in published work, no
secreted IgE (Ce2-Ce4) was detected in this research (Figure 3-23). One explanation
for the failure of the first two strategies is that the role of heavy chain binding protein
(BiP) prevents CH1 from secretion until it assembles with the light chain®®®, and one
potential reason why no expression was observed from the third strategy could be
the presence of the thiol side-chain of cysteine 225%°. Those reasons will be explained

in detail in chapter 4.
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3.5 Conclusion

In this chapter, expression constructs of IgG Fc variants (EFT+EA, EF and DE) with
enhanced binding affinity to FcyRIIB were engineered using site-directed
mutagenesis. To obtain a site-specific conjugation with the streptavidin coated
microparticles, these fragments were designed with a 15 amino acid peptide
sequence known as AviTag. Yeast expression of these fragments was unsuccessful,
however Fc fragments were successfully expressed by HEK-293 cells and secreted into
the supernatant. The yield of IgG Fc protein was low however, and varying the method
of transfection (stable or transient) did not improve. Two IMAC purification methods
were tested, of which cobalt Dynabeads were shown to remove more non-6xHis-
tagged proteins than nickel, producing a purer protein yield. Finally, three different
expression strategies were investigated for the expression of IgE Fc proteins, none of

which were successful.
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Chapter 4. Expression of recombinant IgG and IgE Fc domains in
suspension growing mammalian cells

4.1 Introduction

The low yield of 1gG Fc variants was the key problem that we faced in the optimisation
experiments (see Chapter 3). Choosing the appropriate expression technique to
produce sufficient amounts of the recombinant human antibody Fc proteins is crucial
to the success of an expression experiment. The challenge in the expression of Fc
protein is to establish a robust expression system that is able to produce highly
purified recombinant proteins in yields suitable for the planned downstream
experiments. During the past years, many developments in mammalian production
procedures have emphasised four key elements to produce more recombinant
proteins with proper folding and possessing the necessary post translational
modifications:**’ the genetic modifications of the host cells; the expression vector

design; the transfection vehicle; and the culture conditions.

The Epstein-Barr virus (EBV) nuclear antigen 1 (EBNA1) is one of the genetic
modifications made on HEK 293 cells to increase the protein expression level*.
EBNA1 is an EBV protein which is expressed in the proliferating infected cells and has
a crucial role during the latent viral infection through the replication and the mitotic

segregation of EBV genomic DNA**

. Thus, the genetic variant of HEK293 cells (293-
EBNA1) permits the episomal amplification of the vector comprising the viral EBV
origin of replication (oriP). The expected role of EBNA1 as an enhancer in the
expression of the recombinant protein is during the production phase by allowing
more plasmid copies to be produced in transfected cells®*°. The second key of the

development process is to design an expression vector with a highly active promotor

in the mammalian cell line. The human cytomegalovirus promoter (pCMV) is a
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powerful promoter, especially in the HEK293 cell line. It has been reported that
consistently expressed adenovirus Ela can strongly activate the CMV promoter®®.
The expression level of adenovirus recombinant proteins was reached up to 20 % of
total cell protein when using different expression cassettes under the control of this

23223 The third aspect is associated with the efficacy of the transfection

promotor
vehicle. Although many effective commercial transfection reagents are available, only
the more cost-effective reagents are desirable in large-scale expression. There are
many criteria regarding the transfection reagent which should be satisfied when
operating a large-scale transient transfection. These are ease of use, minimal
cytotoxicity, and effectiveness of use in suspension-grown cells. Polyethyleneimine
(PEI) is one of the transfection reagents that meets most of these considerations as a
cost-effective reagent, which is highly efficient in transferring the gene in many host
cell lines with low cytotoxicity profile. The suspension HEK293-EBNA1l can be

234,2. . .
3235 Two isoforms (linear and branched) are

effectively transfected with this polymer
available for this polymer, with a broad range of polydispersity and molecular weights;
these different physiochemical properties are important for the efficiency of the

>® The culture growth conditions are the last factor of the

transfection activity
development procedure. The ability to adapt the cell to grow in suspension is
preferable, as it allows easy scale-up and growth is not limited to surface area as in
adherent cells. Higher cell density will result in much higher yields. The growth of the
cells in serum-free medium is required for some transfection reagent, as it enhances
the activity of transfection or is the only working option for other gene transfer

reagent5237. Development of culture medium suitable for both steps (transfection and

growth of the cells) is also highly preferable as it removes the necessity to exchange
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the medium before and after the transfection. Finally, the medium additive has a role

in increasing the production level such as tryptone?®.

In this chapter, we will demonstrate the successful expression of both recombinant
IgG Fc variants and IgE Fc (CH2-CH4). The optimal expression and purification
conditions were achieved by cloning in pTT vectors and transfection in suspension of
HEK293-EBNA1 cells using Polyethyleneimine, and the purification of these Fc
proteins by immobilised metal affinity chromatography method using the AKTA start

system.
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4.2 Experimental procedure
4.2.1 Generation of pTT and pYD constructs with IgG and IgE fragments

All pTT expression constructs are listed in Table 4-1

Table 4-1: Summary of IgG Fc and IgE Fc pTT constructs.

Construct Name Mutations Positions Vector Fc variants ID
Backbone

pTTS5-EFT+EA-6xHis/Avi  S267E/ H268F/ S324T/ pTT5 EFT+EA
1332E/ G236A

pTT5-EF-6xHis/Avi S267E/L328F pTT5 EF

pTT5-DE-6xHis/Avi $239D/ S267E pTT5 DE

pTT5-hlgG1-Fc- - pTT5 WT-1gG Fc

6xHis/Avi

pTT5-1gE Fc (2-4)phe22s - - pTT5 WT-IgE Fc (2-

6xHis/Avi 4)phe220

pYD5-1gG Fc-TEV-IGE Fc - pYD5 Fcy- Fce

IgG and IgE Fc fragments were amplified using Q5® High-Fidelity DNA Polymerase
(New England Biolabs, USA) with primers listed in Table 2-1. The cycling condition was
set up with initial denaturation at 98°C for 30 seconds, followed by 25 cycles of
denaturation at 95°C for 10 seconds, annealing at 72°C for 30 seconds and extension
at 72°C for 30 seconds/kb with final extension at 72°C for 10 minutes. The amplified
IgG Fc fragments with IL-2 signal peptide were cloned into pTT5 vectors (National
Research Council, Canada). Both vector and insert were digested with Pmel and Not/
restriction enzymes under the conditions stated by the manufacture. Both digested
IgG Fc products and pTT5 vector were purified by Wizard® SV Gel and PCR Clean-Up
System (Promega, UK) and mixed in 3:1 molar ratio (insert to vector), then ligated with

Quick ligation kit (New England Biolabs, UK) according to the manufacturer’s protocol.
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With the same protocol described for the cloning of IgG Fc, IgE Fc (CH2-CH4) fragment
was first cloned into the pYD5 vector (containing the sequence of IgG Fc and a TEV
protease cleavage site) with two different restriction enzymes — EcoRV and BamHI —
to be expressed as IgG-IgE Fc fusion protein. The second cloning strategy involved
using the same restriction enzymes (EcoRV and BamHI) to clone the amplified IgE Fc
(CH2-CH4)ppe229 into the pTT5 vector. Following the ligation step, the ligated
constructs were transformed using the heat shock method into DH5 alpha competent
cells for plasmid propagation. The cells were then grown in LB medium agar
supplemented with 100ug/ mL ampicillin (Sigma Aldrich, UK) for selection. To check
the process of vectors cloning, separately grown colonies were analysed using colony
PCR with JumpStart Tag DNA polymerase (Sigma Aldrich, UK) with the primers shown
in Table 2-2 and an annealing temperature of 58°C. Agarose gel electrophoresis was
the first step to confirm gene insertion, and then the positive colonies were grown in
LB medium supplemented with 100ug/ mL ampicillin and the plasmid were purified.
Finally, all samples were sent to Source Bioscience Lifesciences for DNA sequencing

along with the sequencing primers (Table 2-2).

4.2.2 Expression procedure in suspension HEK 293-6E cells
4.2.2.1 Small-scale transfection of HEK 293-6E cells

At a cell density between 1.5-2.0x10° cells/ml of HEK293-6E, 1.8 ml of the cells was
transferred to each well of a 6 well-plate. This plate was then transferred to an orbital
shaker in a humidified incubator containing 5% CO, at 37°C. The transfection
procedure was begun by preparing the complex of DNA-PEI using a ratio of (1:2)
(w/w). For each well, the DNA solution was prepared by adding 100 pL transfection
medium (F17 medium) to 6x1.5 mL Eppendorf tubes, followed by 2 ug DNA of each Fc

construct to each tube. The PEI solution was prepared for the entire 6 well-plate by
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adding 672 uL of transfection medium to 1.5 mL tube followed by 28 uL PEIl with
vortex. The following step was adding 100 uL PEI solution to each DNA solution with
immediate vortexing upon adding the PEI, and incubation for 3 minutes at room
temperature. Once the complex of DNA-PEI was prepared, the whole complex mixture
of each construct was adding dropwise to each well with swirling, and the plate
returned to the orbital shaker in the incubator. For the secreted Fc construct, 20 %
w/v of Tryptone N1 (Tekniscience Inc., Canada) in F17 medium without G418 was
added to a final concentration of 0.5 % within 24 to 48 hours post- transfection.
Finally, the supernatants of secreted Fc proteins were collected after 120 hours to be

analysed by SDS-PAGE and Western blot (see Section 3.2.4).

4.2.2.2 Large-scale transfection of HEK 293-6E cells

Two days before the experiment, 125 mL of HEK293-6E with a density of 2 x10°
cells/mL were diluted to 0.5 x10° cells/mL with F17 medium in a disposable 2 L
Corning® Erlenmeyer flask (Sigma Aldrich, USA). On the day of transfection, the density
of the cells was determined by counting in a haemocytometer and the density
confirmed between 1.5-2.0x10° cells/mL. 1 pg of each Fc construct was used to
transfect 1 mL of cells at density of 1.5-2.0x10°. PureYield™ Plasmid Midiprep System
(Promega, UK) was used to purify the Fc constructs and obtain these vectors in high
amount. For 0.5 L transfection volume, the DNA-PEI complex with a ratio of (1:2)
(w/w) was prepared as follow; 0.5 mg of Fc construct DNA was added to 12.5 mL of
F17 medium without G418 in Falcon 15 mL Conical Centrifuge Tube (Fisher scientific,
USA) with vortexing. Then, in another 15 mL tube, the PEI solution was prepared by
adding 1.5 mg to 12.5 mL of F17 medium with vortexing. To form the complex, PEI
solution was added to the DNA solution with vortexing and incubation for 3 minutes

followed by adding the complex mixture directly to the cells. Finally, the supernatants
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of secreted Fc proteins were harvested and centrifuged at 2000 xg for 15 minutes at
4°C followed by filtration with 0.22 um syringe filters and cOmplete®, Mini, EDTA-free
protease inhibitor cocktail tablets (Roche, USA) were added to the supernatant, which

was then stored at 4°C.

4.2.3 Immobilised Metal Affinity Chromatography (IMAC) method using AKTA
system

Using the AKTA start system (GE Healthcare, USA), the harvested supernatants of
polyhistidine-tagged Fc proteins from the previous step were mixed in 1:1 ratio with
2X binding buffer (100 mM sodium phosphate, 600 mM NaCl, pH 7.4) and loaded onto
1 ml HiTrap Columns prepacked with cobalt-based resin (GE Healthcare, USA). The
flow rate of the loaded samples was 1m/ml and the elution method was a continuous
gradient from 0-100 % of elution buffer with the same flow rate. The washing buffer
consisted of 50 mM sodium phosphate, 300 mM NaCl and 5mM imidazole at pH 7.4,
and the elution buffer consisted of 50mM sodium phosphate, 300 mM NaCl and 150
mM imidazole with pH 7.4. All elution fractions were analysed by SDS-PAGE gel

electrophoresis and Coomassie staining.

4.2.4 Cleavage of IgG-IgE Fc fusion protein using Tobacco Etch Virus (TEV) protease
Pro TEV plus (Promega, UK) was used to cleave the purified IgG-IgE Fc fusion proteins.
In a 100 pL reaction volume, the following component were assembled in 1.5 ml
Eppendorf tubes: 5 uL of 20x ProTEV Buffer, 1 pL of the redox pair (3.0 mM reduced
GSH/0.3 mM oxidized GSH), 20 ug of fusion protein, 2 uL of Pro TEV plus and filled up
with water. The sample were incubated at 30°C and 20 uL aliquots were removed at
1, 2, 4 and 8 hours overnight at room temperature and at 4°C, before being analysed
by SDS-PAGE gel. These aliquots were mixed with 1x SDS-PAGE sample buffer and

stored at —20°C.
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4.2.5 Protein quantification

Following the purification procedure, all eluted fractions containing Fc proteins were
collected and loaded into Amicon® Ultra Centrifugal Filters (MWCO 10 kDa, Merck
Millipore, UK) to remove the imidazole from the elution buffer and to concentrate the
samples. Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, UK) was used to

quantify the protein concentration by following the manufacturer’s instructions.
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4.3 Results
4.3.1 Cloning of IgG Fc and IgE Fc domains into expression vectors

To generate IgG Fc variants and IgE Fc expression constructs, PCR amplification was
performed to amplify the 1gG and IgE Fc fragments. In case of 1gG Fc, four amplified
gene products were obtained using primers with Pmel and Notl restriction in the
expected size, and this corresponded to three IgG Fc variants with enhanced binding
affinity to FcyRIIB receptor (EFT+EA, EF, DE) and wild type 1gG Fc respectively (Figure
4-1A). For IgE Fc CH2-CH4 domain, two DNA products were amplified using primers
with EcoRV and BamH]I restriction; one encoded the whole CH2 domains while the
other one was missing the first five amino acids of the same domain and was labelled
as IgE Fc (2-4)phe22s (Figure 4-2B and C). Following the amplification process, the IgG Fc
variant and IgE Fc with a 6xHis and an AviTag along with their corresponding vectors
(Table 4-1) were digested, purified, mixed, ligated according to the manufacture’s
instruction, and cloned into E. coli for plasmid propagation. After PCR screening of the

colonies, DNA sequencing results showed the successful cloning of the inserted genes.

1kb
1kb

500 bp

500 bp

Figure 4-1: Gel electrophoresis separation of IgG and IgE Fc fragments.

EtBr-stained 1.2 % agarose gel with a 100 bp ladder showing the separation of
following; (A) 1gG Fc variants (EFT+E, EF, DE) and wildtype IgG Fc with the expected
size (856 bp), (B) the wild type of IgE Fc fragment domain 2 to 4 and (C) the same IgE
fragment but starting from Phenylalanine at position of Phe229 (WT-IgE Fc (2-4)phe229)
with expected sizes 1120 bp and 1103bp, respectively.
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4.3.2 Recombinant expression screening in Suspension growing HEK 293-6E cells

HEK 293-6E suspension cells were used as an expression platform to express the Fc
recombinant proteins from expression constructs derivative containing 1gG Fc
variants and IgE Fc genes generated as described above. Initially, the cells were
transfected with pTTo-GFPq vector (National Research Council, Canada) encoding a
green fluorescent protein to evaluate the transfection efficiency of PEI transfection
reagent at ratio of 1:2 (DNA to PEIl). Using fluorescence microscopy, the cells were
evaluated after 48 hours for transfection success. Roughly, 70 to 80 % of the cells were
transfected with PEI transfection reagent, and this is considered a high transfection

efficiency (Figure 4-2).

Figure 4-2: Fluorescence microscopy image of transfected HEK 293-6E cells with pTTo-
GFPq vector.

HEK 293-6E cells were transfected using PEIl transfection reagent at a ratio of 1:2
(pTTo-GFPq vector to PEI) (w/w). The picture was taken 48 hours post-transfection.
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4.3.2.1 Expression screening of IgG Fc variants

IgG Fc variants expression constructs were transfected into HEK 293-6E cells to
transiently express the Fc proteins. The expression cassette of pTT5 construct
consisted of inserted IgG Fc variants genes, and a human interleukin 2 (IL-2) secretory

signal peptide (Figure 4-3).

Pmel Not!

IL-2 \
enh MLP signel peptide Human 1gG-Fc (CH2-CH3) AviTag pA

Stop

Figure 4-3: Schematic diagram of pTT5 derivatives expression cassette of IgG Fc.

General schematic of the 1gG Fc variant constructs. Abbreviations represent the
following: (enh MLP) adenovirus major late promoter enhancer; (IL-2) Interleukin 2;
(lgG Fc CH2-CH3) IgG Fc gene fragment from domain 2 to 3; (pA) polyadenylation
signal sequence; (6xHis) 6-histidine peptide tag; (AviTag) peptide tag to allow
biotinylation with BirA enzyme; (Stop/x) Stop codon.

The supernatants of HEK 293-6E cells transfected with IgG Fc variants expression
constructs were harvested five days post transfection and examined by Western blot
using anti-IgG Fc region antibody. The data demonstrated successful expression of all
IgG Fc variants (EFT+EA, EF, DE and wildtype IgG Fc) and bands were seen at the
expected sizes (approximately 60 and 30 kDa in under non-reducing and reducing

conditions, respectively) see Figure 4-4.
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Figure 4-4: Western blot analysis results of the transient expression of IgG Fc variants
from HEK 293-6E cells.

Expression of 1gG Fc variants (EFT+EA, EF, DE and wild type 1gG) from transient
transfection of 293-6E cells, with an expected molecular weight of 60 kDa under non-
reducing conditions (NR) and 30 kDa under reducing conditions (R). Detection was
achieved with anti-human IgG Fc region antibodies. Non-transfected cells were used
as a negative control and the positive control was whole 1gG under non-reducing

conditions.

An expression kinetics study was performed to establish the best time for harvesting
the secreted Fc proteins. Supernatant samples of wild type IgG Fc were collected
every 24 hours after the third day of transfection and screened by Western blot. The
results in Figure 4-5 show the protein expression level is high at 144 hours post
transfection. However, increasing putative protein degradation was observed at
molecular weight of approximately 30 kDa. To avoid the problem of degradation, 120

hours post transfection was chosen as the best harvesting time.
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Figure 4-5: Time course analysis results of the expression of IgG Fc from HEK 293-6E cells.

Supernatant aliquots of secreted wild type 1gG Fc protein were collected at 72, 96,
120 and 144 hours post transfection and examined by Western blot in non-reducing
conditions (NR). Detection was achieved with anti-human IgG Fc region antibodies.
(=) symbol indicates the site of protein degradation.
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4.3.2.2 Expression screening of 1gG-IgE Fc Fusion protein

One of IgE Fc expression strategies is based on the cloning of IgE (CH2-CH4) sequence
to pYD5 vector (contain IgG Fc) to be expressed as a fusion protein, and then cleaved
by using Tobacco Etch Virus (TEV) protease. The expression construct of this strategy
was made of the signal secretory sequence of IgG kappa light chain, the sequence of
IgG Fc then TEV protease sequence followed by IgE Fc with AviTag and poly histidine

tags (Figure 4-6).

BamHI EcoRV

1gG Kappa Human IgG-Fc

Human IgE-Fc - -
. . 6xHis
signal peptide (CH2-CH3) TEV (CH2-CH4) AviTag - top PA

‘ enh MLP

Figure 4-6: Schematic diagram of pYD5 derivatives expression cassette of IgE Fc.

Schematic of the IgE Fc construct. Abbreviations represent the following: (enh MLP)
adenovirus major late promoter enhancer; (IgG Kappa) I1gG Kappa light chain; (IgG Fc
CH2-CH3) I1gG Fc gene fragment from domain 2 to 3;(TEV) Tobacco Etch Virus protease
sequence; (Ig Fc CH2-CH4) IgE Fc gene fragment from domain 2 to 4; (pA)
polyadenylation signal sequence; (6xHis) 6-histidine peptide tag; (AviTag) peptide tag
to allow biotinylation with BirA enzyme; (Stop/x) Stop codon.

Following the transfection with pYD5 derivate expression construct, the supernatant
of transfected 293-6E were examined to test the expression of the fusion protein. The
expression strategy of IgG-IgE Fc fusion protein was successful as demonstrated by
the presence of bands of the expected sizes (146 and 73 KDa) under non-reducing and
reducing conditions respectively. it was confirmed by using anti IgE Fc antibody as
method of detection (Figure 4-7A). To increase the protein yield, supernatant aliquots
were taken at different interval time and 120 hours post transfection was selected to

be the best time of harvesting (Figure 4-7B).
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Figure 4-7: Western blot analysis results of the expression of IgG- IgE Fc fusion protein.

A.

Expression of IgG- IgE Fc fusion protein (Fcy- Fcg) from transient expression
of 293-6E cells with expected sizes (136 KDa and 68 kDa) under both non-
reducing and reducing conditions (NR and R) respectively, at 120 and 96 hours
post transfection. Non-transfected HEK-293 cells were used for the negative
control and the positive control was whole IgE under non-reducing condition.
Detection performed with anti-IgE Fc region antibody.

Time course analysis of IgG- IgE Fc fusion protein (Fcy- Fc€) expression under
both non-reducing and reducing conditions (NR and R) at 120, 96, 72 and 48
hours post transfection and it was detected with anti-IgG Fc region antibody.
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4.3.2.3 Expression screening of IgE Fc (CH2-CH4)phez20 protein

In this expression strategy, we aimed to modify the sequence IgE Fc (CH2-CH4) coding
DNA to start from Phenylalanine amino acid at position 229 of domain 2 (the rationale
of this strategy will be found in the discussion section). The process of cloning was
performed using EcoRV and BamHI restriction sites into the expression construct
(pTT5 vector). By using this method, the first five amino acids of domain 2 including

cysteine at position 225 were missed (Figure 4-8).

EcoRV BamH|

| \
IL-2 Human IgE-Fc ) .
enh MLP signal peptide AviTag | 6xHis pA
‘ ! CH2 [ cH3 [ cH4 Stop

Phenylalanine, 229

Figure 4-8: Schematic diagram of pTT5 derivatives expression cassette of IgE Fc (CH2-
CH4)phenzo.

Schematic of the IgE Fc (CH2-CH4)phezz9 construct. Abbreviations represent the
following: (enh MLP) adenovirus major late promoter enhancer; (IL-2) Interleukin 2;
(IgE Fc CH2-CH4) IgE Fc gene fragment from domain 2 to 4; (pA) polyadenylation signal
sequence; (6xHis) 6-histidine peptide tag; (AviTag) peptide tag to allow biotinylation
with BirA enzyme; (Stop/x) Stop codon; (Phenylalanine, 229) the first amino acid of
the IgE Fc (CH2) gene at position of 229.
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Figure 4-9: Western blot analysis results of the expression of IgE Fc (CH2-CH4)ppepzs.

Expression of IgE Fc (2-4)pne2zg from transient expression of HEK293-6E cells with
expected sizes (80 and 40 KDa) under both non-reducing and reducing conditions (NR
and R) respectively from supernatant and at 96 and 120 hours post transfection. Two
other IgE Fc fragments (1-4) and (2-4) from the cell lysate show bands with their
corresponding sizes (80 and 40 kDa) in non-reducing and reducing conditions of IgE Fc
(2-4) and only one band in the reducing condition of IgE Fc (1-4) (50 kDa). Non-
transfected HEK 293-6E cells were used for the negative control and the positive
control was whole IgE in non-reducing condition. Detection performed with anti-IgE
Fc region antibody.

Sample aliquots were taken from the cell supernatant of transfected 293-6E cells with
IgE Fc (CH2-CH4)ppe229 €Xpression construct at 96 and 120 hours post transfection. The
result of Western blot clearly shows bands of the expected size of Fc (CH2-CH4)phe229
under both non-reducing and reducing conditions (80 and 40 kDa, respectively). The
cell lysate of transfected cells with two different fragments of IgE Fc (1-4) and (2-4)
were also tested. As described previously in Sections 3.3.3.3 and 3.3.3.4, the
expression constructs containing these IgE fragments gene did not give positive

results when the cells’ supernatants were examined. However, bands were observed
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in the expected sizes in cell lysates samples of IgE Fc (2-4) in the non-reducing and
reducing conditions, while one band of IgE Fc (1-4) was found in the reducing
condition. This data reflects that the previous IgE Fc regions were expressed but failed

to be secreted in the cells’ supernatants (Figure 4-9).

4.3.3 Large-scale purification of recombinant IgG Fc variant and IgE Fc proteins

After the expression screening step, the next was to perform large scale transfection
and purification of all recombinant Fc proteins. To achieve this, Fc expression
constructs were prepared and purified using Midiprep purification scale to be used in
0.5L transfection volume of HEK 293-6E cells (see Section 4.2.2.4). The harvested
supernatant containing Fc proteins was performed through their polyhistidine tags by

using IMAC purification method.

Although the data obtained from the column purification of IgG Fc protein shows that
some target Fc protein was lost in the flow through-fraction, which was confirmed by
Western blot (Figures 4-10A and B), the eluted Fc protein was purified and the yield
was better compared to the previous method of expression and purification (see
Sections 3.3.3.1 and 3.3.3.2). following the purification procedure, the eluted
fractions of purified I1gG Fc protein were collected and quantified using BCA assay kit

(Table 4-2).
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Figure 4-10: Purification results of wild type 1gG Fc using IMAC method.

(A) SDS-PAGE stained with Coomassie blue and (B) Western blot after purification
with Cobalt TALON superflow (cobalt resin). Abbreviations represent the
following: (FT) flow through fraction; (W) wash fraction; (E) elution fractions; M,
molecular weight markers.

(B) Western blotting conducted with an anti-human 1gG Fc region antibody.

Regarding the purification of 1gG-IgE Fc fusion protein, the SDS-PAGE showed that
elution fractions contained a purified fusion protein with no loss of protein in the flow-
through compared with the purification of IgG Fc protein (Figure 4-11A). Following
the purification and quantification process, TEV protease was used to cleave the IgG-
IgE Fc fusion protein by applying the enzyme to the protein and incubating at 30°C for
0.5 -8 hours and overnight at room temperature and at 4°C. The results demonstrated
that fusion protein was efficiently cleaved with TEV protease by observing the bands
of IgE Fc protein after the overnight incubation at room temperature and at 4°C

(Figure 4-11B).
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Figure 4-11: Purification and cleavage results of IgG-IgE Fc protein.

(A) SDS-PAGE stained with Coomassie blue showing the purification of IgG-IgE Fc
fusion protein with Cobalt TALON superflow (cobalt resin). Abbreviations
represent the following: (FT) flow through fraction; (W) wash fraction; (E) elution
fractions; M, molecular weight markers.

(B) SDS-PAGE stained with Coomassie blue demonstrates the cleavage process of
IgG-IgE Fc fusion protein using Tobacco Etch Virus (TEV) protease enzyme at
different interval time 0.5, 2, 4, 8 hours, overnight (O/N) at room temperature
(RT) and at 4°C. (=) symbol represents the position of the proteins, (c) symbol is
the control.

Similar to the previous the recombinant Fc proteins, IgE Fc (CH2-CH4)ppe2z9 protein
was purified from the supernatant of 293-6E by IMAC using the AKTA start system.
The data shows that IgE Fc protein was successfully purified with no visible

contaminants in the elution fraction of IMAC (Figure 4.12). Following the purification
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all the eluted fractions containing the IgE Fc protein were collected and quantified

(Table 4-2).
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Figure 4-12: Purification results of IgE Fc (CH2-CH4)ppez29 protein.

SDS-PAGE analysis showing the purification of IgE Fc (CH2-CH4)ppe229 protein from
AKTA start system with 1ml HiTrap Columns prepacked with cobalt-based resin.
Abbreviations represent the following: (FT) flow through fraction; (E) elution
fractions; M, molecular weight markers.

Table 4-2: Summary of recombinant Fc protein expression yields.

Protein ID Molecular weight (kDa) Volumetric yield (mg/L)
WT-1gG Fc 60 8

DE 60 6.22

Fcy- Fce 146 0.270

WT-IgE Fc (2-4)phe22s 80 2

e Protein molecular weight was calculated theoretically based on the sequence of
their amino acids. This does not include any posttranscriptional modifications
known to occur, such as glycosylation.
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4.4 Discussion

The aim of this chapter was to choose a robust, versatile and simple expression
platform with optimal conditions to overcome the expression challenges of IgG and
IgE Fc. To achieve this, a new expression strategy was applied by using HEK 293-6E
cells as an expression host with pTT5 and pYD5 vectors and Polyethyleneimine
(transfection vehicle). The experimental procedures of this expression strategy were
carried out in three steps: vector cloning, expression screening and large-scale

purification.

Two vectors pTT5 (4.4 kb) and pYD5 (5.1 kb) were cloned with recombinant Fc genes
using digestion and ligation cloning. They are a family of expression constructs derived
from the pTT vector licenced from National Research Council, Canada (NRC). These
plasmids encompass viral EBV origin of replication (oriP), and an expression cassette
of enhanced cytomegalovirus (CMV) promotEr which can lead to a high expression
level in 293-6E cells’*®. The suggested mechanism for increasing the protein
expression is the role of the EBV replicon-based constructs in maintaining the

230

episomal replication”". Another likely mechanism explains the high expression of oriP

-mediated vectors is arising from the dependent enhancer activity of EBNA1- oriP™"
1 As EBV oriP has 24 binding sites for EBNA1**, constructs containing an oriP can
be coated at specific sites by EBNA1 nuclear localisation signal to form protein-
plasmid complex which could lead to increase the nuclear retention of these

243,2.
vectors i 44.

Following the cloning of recombinant Fc genes with their corresponding vectors
(confirmed by DNA sequencing), pTT5 and pYD5 derivative constructs were
transfected into 293-6E using Polyethyleneimine (PEI) as transfection reagent. Two
isoforms (linear and branched) of PEI are available to be used as a gene carrier’®.
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Some published studies demonstrated the differences between the two forms of PEI
in terms of transfection efficiency and cytotoxicity profiles. In comparison to the
branched PEI, Linear PEIl has an improved transfection efficiency and preserves higher
cell viability. Based on these findings, the 25 kDa linear PEl was chosen as transfection

246-2
reagent®® %,

Generally, the transfection complex’s formulation is equal to 10% of the cell culture
volume and it has important effect on the transfection efficiency. For HEK 293 cells
growing in suspension culture, the transient transfection with a ratio of 1:2 (DNA:PEI)

is regarded as an optimal ratio in different published reports?282°02>1

, so we kept the
same ratio in the small and large expression scale. This transfection vehicle shows
higher gene transfer efficacy (Figure 4-2) compared to the other commercial
transfection reagent (X-tremeGENE 9 and Geneluice) which were used in Chapter 3.
It is a highly positively-charged cationic polymer and is considered as one of the most
efficient polymers used in gene delivery®*. It works by the condensation of anionic
DNA into polyplexes (nano-size complexes with positive charge), and enter the cells

by endocytosis**

. The buffering capacity property of PElI over a wide range of pH is
linked to its many amino group5253. At lower pH, PElI mediates the chloride influx due
to high level of protonation which in turn lead to rupture the endosomal membrane
by the effect of osmotic pressure. This process known as a sponge proton effect of
PEI. As aresult, the endosomal vesicles’ acidification is prevented, and also polyplexes

254

will be escaped from the endosome”™”. At the end, this polyplexes will help to avoid

the enzymatic degradation of DNA in the lysosome?>.

Before the production of the recombinant IgG Fc variants protein from large-scale
expression, two steps should be completed; small-scale screening and selecting the
best time for protein harvesting. The positive results from the expression screening
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of transfected cells (Figure 4-4) confirm the process of 1gG Fc gene cloning as well as
the successful cleavage of Interleukin-2 (IL-2) signal peptide, which in turn directs the
proteins to be secreted into the supernatant. This signal peptide is composed of 20
amino acids and it is cleaved after serine (Ser) by proteases (signal peptidases) in the
ER lumen before secretion. It also shares the common features of other secretory
signal peptides in having an abundant hydrophobic core between its polar N and C-
terminal sites®®. To improve the protein vyield level as well as to limit the protein
degradation at the time of harvest, the secreted IgG Fc proteins were monitored by
the time course expression analysis using Western blotting (Figure 4-5). Although
protein expression levels increased continuously over time, we found a monomeric
degradation product from the dimer IgG Fc protein at 140 hours post-transfection,
which might be due to disulphide bridge reduction that holds the Fc region®”’. After
optimising the expression screening condition, the IgG Fc protein was purified from
the large-scale transfection using the integrated polyhistidine tag on the C-terminal.
The results obtained from SDS-PAGE gel showed that some proteins were lost in the
flow-through, and that suggests that the target protein could not bind efficiently with
the cobalt resin (Figure 4-10). This might be due to suboptimal binding conditions such
as pH or salt concentration between the His-tagged protein and the cobalt resin or
the binding capacity of the resin was exceeded. To optimise these conditions, the
protein sample were diluted 1:1 (v/v) in 2 x binding buffer for the better interaction
and good protein separation and this gave better results with the purification of other

IgE Fc fragments (Figures 4-11 A and 4-12).

In an attempt to express the IgE Fc (CH2-CH4) protein, an IgG-IgE Fc fusion protein
expression strategy was employed. The idea behind this approach is to make IgE Fc

fuse with 1gG Fc protein which exhibited good gene expression and secretion from the
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HEK 293-6E cells. This plan was used by other research groups as they demonstrated
the gene construction design of this fusion protein which consists of IgG hinge region-
CH2-CH3-linker-IgE CH2-CH3-CH4, and is expressed and secreted from the transfected

host cells*3*4014

. In our design (Figure 4-6), the TEV protease recognition sequence
was used as a cleavable link. It is composed of seven amino acids EXXYXQ(G/S) and
cleavage occurs between glutamine and glycine or serine when it is recognised by TEV
protease enzyme®®. Other protease enzymes (factor Xa, enteropeptidase, and
thrombin) display the same proteolytic action when they were applied to remove the
affinity tags. However, TEV protease offers highly specific site cleavage activity over a

. . . . 259-261
wide range of pH with no frequent cleavage at noncanonical sites®* "

The expression screening shows that the fusion protein was expressed with the
predicted molecular weight (Figure 4-7 A), and the best time of harvesting fusion
protein was also determined (Figure 4-7 B). The promising data achieved from the
screening led us to express the fusion in a large-scale, to be purified through a
polyhistidine tag (Figure 4-11 A). Following the purification, the fusion I1gG-IgE Fc
protein was prepared to be cleaved using TEV protease. As this enzyme is active under
reducing conditions (DTT), the disulphide bond of the Fc dimer would be more
susceptible to being cleaved, which in turn would lead to protein inactivation. The
challenge of this experiment was to maintain the activity of TEV protease without
affecting the structure stability of the fusion protein. To overcome this challenge, a
redox pair of reduced and oxidized glutathione (GSH/GSSG) were used as an
alternative to DTT in the reaction mix with concentration of 3.0 mM of GSH and 0.3
mM GSSG*®2. This redox buffer condition should preserve the cleavage efficiency with
minimising shuffling in the disulphide bond in the fusion protein®®®. By applying this

special condition, we found that efficiency of TEV in the cleavage were observed when
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the fusion protein was incubated overnight at room temperature or at 4 ° C (Figure 4-

11 B).

The successful expression of recombinant IgE Fc (CH2-CH4) as a fusion protein drew
attention to the sequence of IgE heavy chain, particularly domains 1 and 2, and to
investigating the reason behind the failure of all previous expression trials. By
performing a thorough literature search, some potential explanations were found to

the issue of not obtaining the IgE Fc protein, described below.

Heavy chain-binding protein (Bip) is a glucose-regulated protein with molecular
weight of 78 KDa (GRP 78) which is expressed in the endoplasmic reticulum (ER) and
has a regulatory role in protein folding and assembly, newly synthesized protein

. . . 264,2
translocation, and protein degradation 64,265

. It has been found that Bip associates
with immunoglobulin (Ig) heavy chain to make a complex which remains in the ER
until these heavy chains assemble with their light chains. Without this, the Bip would
stay with the heavy chain in the ER, or lead to intracellular degradation of the heavy
chain. The ultimate effect of Bip will be to block the transport of unassembled
antibody from ER to the Golgi body, and secretion of the protein will be

prevented225,266,267

. To determine which site on the heavy chain is binding with Bip,
researchers have screened different Fc fragments synthesised from 30 mouse
myelomas and hybridomas. They found that mutant Ig Fc without the first domain
(CH1) could not associate with Bip, while other mutant Ig Fc lacking the second and

the third domains (CH2 and CH3) were still able to bind**>. Those findings explained

the expression failure of IgG (CH1-CH4).

Regarding IgE Fc (CH2-CH4) expression, the first attempt was to express the entire

domains (2-4) starting from the first amino acid of the second domain (Valine 224)
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(see Section 3.3.3.4). The reason for not detecting this fragment in the supernatant
could be related to the cysteine at position 225 (Cys225) which forms a disulphide
bridge with another cysteine in the first domain of the heavy chain (CH1). Thus, In the
absence of CH1, Cys225 might causes aggregates from unwanted disulphide
interaction®’®. Another reason was the free thiol group of Cys225 which might block
the secretion of IgE Fc from mammalian cells®®. Suggested solutions to avoid Fc
protein aggregation are e.g. to delete or substitute Cys225 with alanine. According to
Young RJ et al, the predicted framework of IgE Fc (CH2) starts from Phe229, as no
protein is secreted in the supernatant if that fragment begins from isoleucine at

position 235 (11e235)****%,

Based on all previous outcomes, the IgE Fc (CH2-CH4)ppe229 fragment was designed to
be cloned into pTT5 vector (Figure 4-8) and transfect to the 293-6E cells. To test
whether the IgE Fc fragments (IgE Fc (CH1-CH4) and IgE Fc (CH2-CH4) v.224) Were
expressed but not secreted in the supernatant, the corresponding vectors were
transfected and the cell lysate analysed. The data achieved from the Western blot
showed that both previous IgE Fc fragments were expressed but not secreted while
IgE Fc (CH2-CH4)ppe220 Was expressed and successfully secreted from the cells (Figure
4-9). This data confirmed the suggested explanations for the lack of recombinant
protein in the cell supernatant described above. The purification of IgE Fc (CH2-
CH4)ppe229 from the large-scale transfection showed the benefit of using FreeStyle™
F17 Expression Medium which does not contain a serum, and allows easier
purification of Fc (CH2-CH4)ppe229 (Figure 4.12) using only a single chromatographic
step (IMAC). Overall, the protein yield from all expressed recombinant Fc proteins was

sufficient to run the planned subsequent experiments.
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4.5 Conclusion

One of the objectives of this study was to produce recombinant IgG and IgE Fc proteins
in high yield and purity. This objective was achieved by choosing 293-6E cells
(mammalian cells grown in suspension) as the appropriate expression platform to
produce the recombinant Fc proteins. All Fc genes were cloned into pTT-derivative
expression constructs and transfected with a highly efficient gene transfer vehicle
(polyethyleneimine, PEl). For the expression of IgE Fc protein, two successful
strategies were developed, one of which was IgG-IgE Fc fusion protein with the TEV
recognition site as a cleavable linker. Two methods of IMAC purification (manual and
AKTA start system) with cobalt resin were applied to purify the FC protein. Finally, the
yield of the purified recombinant Fc proteins was high enough to be used for the next

application.
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Chapter 5. Assessing Fc variants and particle conjugates on rat
basophil leukaemia cells and human peripheral blood
basophils

5.1 Introduction

Having a successful achieved the recombinant expression of IgG and IgE Fc regions,

the final objective of this study focused on evaluating the Fc-particle conjugates and

their delivery to the inflammatory cells. Different approaches can be applied to
achieve targeted drug delivery, from local administration to advanced drug vehicles
with specific ligands. Generally, targeted drug delivery can be categorised as passive
or active targeting. For active targeting purposes, antibody fragments, particularly (Fc
regions) is widely used for directing ligands towards target cells which selectively

269-271

express Fc receptors . These Fc-directed particle conjugates can be used for

. . . . . . . . . 272—-
many in vitro and in vivo purposes, such as imaging and therapeutic applications ’

274

The problem with allergic reactions is that there many cells underlying the disease
symptoms, which makes the ability to target several sites difficult as this would
potentially cause more adverse effects. Despite this, basophils and mast cells are

considered to be the main effector cells in the disease®’>*’®

. There are many potential
sites that can be targeted in those important cells by the therapeutic agents, including
mediators, receptors and signalling proteins. One of these potential targets is the
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inhibitory IgG receptor (FcyRIIB)*"". Our Fc-particle conjugates (Figure 5.1A) are
designed to have a high target specificity and affinity for basophils through
crosslinking of the activating and inhibitory Fc receptor (FceRl and FcyRIIB) on the

surface of the cells. This selectivity feature due to the high selective expression of

FceRl receptor on basophilic cells?’®, while FcyRIIB provides the inhibitory function
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resulting from the phosphorylation of the ITIM motif on FcyRIIB. The net result of this
co-crosslinking is suppression of the activation signals of FceRI which results in down-
regulation of the activation of basophils and decreased release of inflammatory

mediators (Figure 5.1B)"’.

Drug vehicles such as microspheres offer a promising method in terms of drug

2’9 Normally, the modified microspheres offer

targeting and reducing drug side effects
a convenient means of attachment for ligands or molecules to their surface. There are

many ways for antibody fragments to be attached to the microsphere’s solid surface,

including adsorption, covalent coupling and non-covalent avidin-biotin binding”®.

In this study, we used microspheres modified with streptavidin, which allow the
attachment of ligand via the streptavidin biotin non-covalent bond method. In case of
IgG and IgE Fc proteins, the microspheres help to control the conjugation of
biotinylated Fc proteins of different binding affinities to the surface of streptavidin-
coated microspheres in a desired, rather than random, stoichiometric ratio. The
functionality of IgE Fc variants expressed recombinantly was evaluated before and
after the biotinylation step, followed by the assessment of the Fc-particle conjugates
on reporter rat basophilic leukaemia (RBL) cell lines (RS-ATL8 and NFAT-DsRed) and

human peripheral basophils.

113



B)

gt g
& e

s X IgE

A)

1gG

FcyRIIB ﬁ ﬁ FceRI
Transmembrane chain \’

; 3
1gG 4 IgE R loane of Intracalluae oot
Cell Degranulation X
Cytokines production
FceRI
Provide a cell specific targeting.

FcyRIIB
Provides the inhibitory signalling
by co-crosslinking of FceRI and FcyRIIB.

Figure 5-1: The proposed drug delivery system with the role of its ligands.

The design of Fc-particle conjugates, which consists of engineered 1gG1 and IgE Fc
chains conjugated to microparticle using Avi tag technology to facilitate the
conjugation of antibodies to the microparticle. (B) representing the engagement of Fc
ligands with their corresponding receptors on the surface of the allergic cells.
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5.2 Experimental procedures

5.2.1 Assessment of Fc variants and particles conjugates

5.2.1.1 Invitro biotinylation of Fc variants

BirA biotin ligase kits (Avidity, USA) were used to biotinylate the Fc variant proteins.
The purified Fc fragments were first suspended in 10 mM Tris-HCIl, pH 8, and
concentrated to 40 uM. Following the manufacturer’s instructions, 2.5 pg of BirA
enzyme were used for every 10 nmol of Fc protein at a concentration of 40 uM. Final
concentrations of 1X Biomix A and 1X Biomix B solutions were added to the reaction.
The reaction mix was then incubated for one hour at room temperature. Following
the biotinylation step, excess biotin was removed by spinning in 0.5 mL Amicon

centrifugal filter with a molecular weight cut-off 10 kDa.

5.2.1.2 Testing the extent of Fc proteins bitoinylation by streptavidin gel-shift

In a 600 pl Eppendorf tube, 5 puL of 10 uM biotinylated Fc proteins were mixed with
2X SDS-PAGE non-reducing sample buffer (NRSB) and incubated for 5 minutes at 95°C
followed by cooling the sample to room temperature and briefly centrifuging it. Next,
5 uL of excess streptavidin was added to the protein sample with incubation at room
temperature for 5 minutes. Other samples were used as controls; one of them
contained only streptavidin without biotinylated protein, and the other only
biotinylated protein. All samples were loaded onto SDS-PAGE gel and stained with
Coomassie stain for visualisation. For Western blotting, the membrane was probed

with streptavidin, HRP conjugate at dilution of 1:5000 (Sigma Aldrich, UK).

5.2.1.3 Conjugation of Fc variants to microparticles
Streptavidin conjugated microparticles, 0.5, 1,2 and 6 um with stock particle
concentration of 1.25 % w/v, were used to be coated with biotinylated Fc proteins.

Different amounts of the microparticle suspension were dispensed into 1 ml
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Eppendorf tube and centrifuged at 10,000 xg for 5 minutes at 4°C. Next, the
supernatant was removed and discarded and the particles were re-suspended in 900
uL Dulbecco's phosphate buffered saline (DPBS) with 1 % bovine serum albumin (BSA)
and washed using the same buffer three times. After the last wash, the particles were
re-suspended in 1 mL DPBS/BSA binding buffer and different amounts of biotinylated
IgE Fc at a concentration of 1mg/mL were added to be incubated at 4°C for 30
minutes. Finally, the mixture was centrifuged at 10,000 xg for 5 minutes, and the
particle pellet was washed twice more with PBS/BSA binding buffer, re-suspended in

the same buffer, and stored on ice until use.

5.2.2  Creation of an RBL cell line expressing human FcyRIIB

5.2.2.1 Optimise the antibiotic concentration for stable transfection

To transfect RS-ATL8 luciferase reporter cells and NFATp-DsRed-Express2
fluorescence reporter cells with the human inhibitory Fc receptor (FcyRIIB), a kill curve
experiment with puromycin was performed to determine the concentration for
selecting the stable cell colonies. In a 12 well plate, 1.5x10° cells/mL were plated and
incubated overnight before addition of the antibiotic. The next day, an increasing
amount of puromycin was added — 0.5, 1, 2, 4, 6, 8 and 10 pg/ mL—to each well plate
and untreated cells used as a control. The culture medium was changed every 2-3
days for 7 days with daily observation to determine the optimal antibiotic
concertation, which is defined as the lowest dose at which all cells are dead a week

after the puromycin addition.
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5.2.2.2 Cloning of (FcyRIIB) gene into mammalian construct

The gene sequence of the human FcyRIIB receptor was obtained from National Centre
for Biotechnology Information (NCBI) under accession number (NG_023318) and sent
to be synthesised (Sigma Aldrich, USA). The synthesised gene was cloned into the
pcDNA4-TO-Puromycin-mVenus-MAP vector (Addgene plasmid # 44118) using EcoRV

and Xbal restriction sites and successful cloning was verified by DNA sequencing.

5.2.2.3 Transfection procedure

Two methods of transfection were used to transfect the RBL-2H3 derivative reporter
cell lines, one with commercial transfection reagents and the other with
electroporation using Nucleofector™ Technology. For the commercial transfection
reagents, 1.5x10° cells/mL were plated in each well of a 6 well-plate and incubated
overnight at 37°C. On the day of the transfection, TransIT-2020 Transfection Reagent
(Mirus Bio LLC, USA) and X-tremeGENE 9 DNA transfection reagent (Roche, USA) were
used in parallel and mixed with DNA according to the manufacturer’s instructions. 2ug
of the transfected cDNA (FcyRIIB receptor) was diluted in Opti-MEM | Reduced-Serum
Medium at ratios of 1:1, 1:2 and 1:3 (DNA: TranslIT-2020, w/v) and 1:1,1:3 and 1:6
(DNA: X-tremeGENE 9, w/v). After an incubation for 15 minutes at room temperature,
the complexes were added drop-wise to the well. Then the plates were placed in the
incubator for 48 hr before addition of the puromycin antibiotic. While in the
nucleofection experiment, pellets of 2x10° cells were re-suspended in SF cell line
nucleofector solution (Lonza, Switzerland) followed by addition of 2 pg of the
transfected cDNA (human FcyRIIB receptor in plasmid vector) to the solution, and
then transferred to the single 100 uL nucleocuvette vessel (Lonza, Switzerland). Next,
the nucleofection was performed by placing the vessels into 4D- nucleofector Y unit

(Lonza, Switzerland) which was set up with a pulse code (DS-150). After the run, the
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vessels were removed from the retainer and incubated for 10 minutes at room
temperature. Finally, the cells were re-suspended in 500 uL of pre-warmed medium
before being added to each well of the 6 well-plate which contains 1.5 mL of the

culture medium.

5.2.3 Evaluating the IgE Fc-particle conjugates on reporter cell lines
5.2.3.1 RS-ATLS8 luciferase assay

RS-ATL8 luciferase reporter cells is an RBL-SX-38 cell line expressing the human FceRI
aBy subunits and transfected with NFAT-regulated luciferase reporter gene plasmid.
The cells were seeded at 1x10° cells per well in a Nunc™ F96 MicrowWell™ White
Polystyrene Plate (Thermo Fisher scientific, UK) with or without sensitisation using
Human IgE isotype control (IgE k, Clone HE1, Invitrogen, UK) at a final concentration
of 1ug/mL in culture medium and incubated for 16 hours. Next, the cells were
stimulated with selected concentrations of IgE Fc microparticle conjugates
resuspended in the cell culture medium, and the plate placed in the incubator. For
positive control, cells were sensitised with IgE and stimulated with goat anti-human
IgE (€ chain) antibody (Sigma Aldrich, UK). 50uL of Dual-Glo luciferase assay reagent
(Promega, USA) were added to each well and left for 3 minutes to allow complete cell
lysis. Luminescence was measured using Spark 10M multimode microplate reader

(Tecan, Switzerland).

5.2.3.2 NFATp-DsRed-Express2 fluorescence reporter

A NFATp-DsRed-Express2 fluorescence reporter is an RBL-703/21 cell line expressing
human FceRI a subunit and stably transfected with NFAT enhancer-DsRed-Express2
reporter plasmid. The cells was seeded at 5x10° cells per well into a corning 96 clear
well, flat-bottomed tissue-culture (Sigma Aldrich, USA) treated plate with or without

sensitisation using human IgE (Invitrogen, UK) at final concentration of 1ug/mL in
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culture medium with overnight incubation at 37°C in a humidified 5 % CO,; incubator.
The following day, the stimulation step was performed with selected concentrations
of IgE Fc microparticle conjugates diluted in the cell culture medium and the plate was
incubated overnight. Next, the cells were inspected visually using fluorescence

microscopy (EVOS fl, Advanced Imaging Group, ThermoScientific Fisher).

5.2.4 Evaluating the IgE Fc -particle conjugates on purified human basophils cells
5.2.4.1 Human basophils purification

Peripheral blood was harvested from healthy volunteer by venepuncture in several
BD Vacutainer Lithium Heparin containing tubes. In a sterilised 50 mL tube, the blood
sample were pooled and one part of HetaSep (STEMCELL Technologies, Canada) was
added to five parts blood with careful inversion and without shaking. Next, the
mixture of Hetasep-blood was split into sterilised 15 mL tubes and centrifuged for 6
minutes at 110 xg with the break off. After the centrifugation step, the tubes were
allowed to stand for 10 minutes at room temperature and then the upper phase
containing the white blood cells was collected, pooled into new 50 ml tubes and
topped up with chilled Robosep isolation buffer (DPBS without Ca** or Mg2+ with 2%
FBS (heat inactivated; v/v) and 1 mM EDTA pH 7.3). Two washing steps were
performed with the same buffer, one with 120 xg for 10 minutes and the second with
450 xg for 7 minutes. The supernatant was removed and the cell pellets reconstituted
in 0.5 mL Robosep isolation buffer. For cell counting using a haemocytometer, 20 uL
of the cell suspension was mixed 1:1 with a prefiltered 0.4% Trypan blue solution
(Sigma Aldrich, UK). The whole volume of 0.5 ml Robosep buffer was transferred to a
5 mL FACS tube, and 25 pl of Human Basophil Enrichment Cocktail (STEMCELL
Technologies, Canada) were added and mixed with incubation at room temperature

for 10 minutes. Then, 50 pL of EasySep nanoparticles (STEMCELL Technologies,
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Canada) were added after resuspension by pipetting more than five times and
incubated at room temperature for another 10 minutes. Following the incubation
with EasySep nanoparticles, the suspension was topped up to 2.5 mL with the
isolation buffer and transferred to an Easy-Sep purple magnet (STEMCELL
Technologies, Canada) and incubated at room temperature for 5 minutes. The
unbound cells were decanted into a fresh FACS tube and incubated again in Easy-Sep
purple magnet for 5 minutes. This incubation was repeated 3 times in total. Finally,
the FACS tube was removed from the magnet, the cells centrifuged and washed with
isolation buffer or the assay medium. Purity of the obtained basophils was checked
on Cytospins (Cytospin 3 cytocentrifuge, Shandon, UK) stained with modified May-
Gruenwald solution (Sigma Aldrich, UK) for 3 minutes using 100x magnification and

immersion oil.

5.2.4.2 Cell stimulation by Fc-particle conjugates and histamine release assay

In DPBS buffer with Ca®* and Mg“, 1x10* purified peripheral blood basophils were
stimulated with WT-IgG-IgE Fc MP conjugates, IgGpe -IgE Fc MP conjugates, IgE Fc MP
conjugates, PBS Fc conjugate, anti-human IgE and cells with buffer only at 37 °C for 15
minutes, followed by cooling on ice for another 10 minutes to stop the reaction. Next,
all samples were centrifuged and the supernatants transferred to new Eppendorf
tubes. The pellets of the cells were lysed at the same time with 4% perchloric acid.
Histamine contents of both supernatant and cell pellets were determined by Dr
Bernhard F Gibbs at the Medway School of Pharmacy, using a histamine autoanalyser
machine. Finally, the percentage of histamine release was calculated from the amount

of histamine in both supernatant and cell pellet.
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5.3 Results

5.3.1 Biotinylation of IgG and IgE Fc proteins

Following the in vitro biotinylation using BirA enzyme, the biotinylation efficiency of
IgG and IgE Fc proteins was evaluated using two methods, a streptavidin gel-shift
assay (SDS-PAGE) and Western blotting. The streptavidin gel-shift verifies that the
target Fc protein is biotinylated and determines whether the reaction has go to
completion. For IgE Fc protein, complete biotinylation was achieved as no band was
observed in the expected size of IgE Fc (=80 kDa) after addition of excess streptavidin
to the biotinylated protein (Figure 5-2A). This step was further confirmed by Western
blot using streptavidin HRP conjugate to detect the biotinylated IgE Fc fragments, with

or without the addition of Streptavidin (Figure 5-2B).

In case of IgG Fc protein, the same process was carried out using in vitro enzymatic
biotinylation method. The data show that a successful biotinylation was achieved and
no band was detected after incubation of an excess of streptavidin with IgG Fc protein
(=60 kDa) in lane 3 of both SDS-PAGE gel (Figure 5-3A). The biotinylation was

confirmed further by Western blot (Figure 5-3B).

121



1 2 3 4 1 2 3 4
sy
150 — 150 -—,3’
100 [ (o 100 [0
- - B
75 | . - 75 (.
50 S 50 [
37 d 37 [
N & 46"\ &(} P‘\ & A&Q &&
M N Q"c @55@ (Joé M N3 Q"o @Q@ (9&
<o x < ¢ W x> e
&N & & ON &
RO & KN K & RN
& S 3 & S 0
& ;\} & & }Q &
Y & X B
» »
& &

Figure 5-2: Biotinylation analysis of IgE Fc protein.

(A) SDS-PAGE gel stained with Coomassie blue and (B) Western blot after the
biotinylation of IgE Fc fragment using BirA enzyme. Lanes (1 and 2) represent the IgE
Fc protein with or without the biotinylation respectively. Lanes (3) represent the
biotinylated IgE Fc with streptavidin and lane (4) represent the streptavidin only. M,
indicates molecular weight markers. Western blotting conducted with streptavidin,
HRP conjugate. (—) symbol indicates that no band was observed after the binding

with streptavidin.
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Figure 5-3: Biotinylation analysis of IgG Fc protein.

(A) SDS-PAGE gel stained with Coomassie blue and (B) Western blot after the
biotinylation of IgG Fc fragment using BirA enzyme. Lanes (1 and 2) represent the IgG
Fc protein before and after the biotinylation respectively. Lanes (3) represent the
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biotinylated IgG Fc with streptavidin and lane (4) represent the streptavidin only. M,
indicates molecular weight markers. Western blotting conducted with streptavidin,
HRP conjugate. (—) symbol indicates no band was observed after the binding with
streptavidin.

5.3.2  Functionality of IgE Fc protein on the reporter RBL cell line

Before the conjugation to the particles, it is important to test the functionality of IgE
Fc protein on the cells to see if it engage its receptor and cause activation. To perform
this step, a rat basophil leukaemia cell line (RS-ATL8) with stable surface expression
of the human high affinity IgE receptor (FceRIl) was used. The cells were sensitised
with 0.0125 uM non-biotinylated IgE Fc (2-4) and a commercial human IgE, full length
(Bio-Rad, USA) as a gold standard, followed by stimulation using goat anti-human IgE
(e chain) antibody. The data in Figure 5-4 demonstrate the ability of IgE Fc (2-4) to
activate the cells close the commercial full length human myeloma IgE as indicated by

luciferase production.
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Figure 5-4: Luminescence response of the comparison between IgE Fc (2-4) protein and
commercial human full length IgE.

This data was determined by sensitising the RS-ATL8 cells overnight with both IgE Fc
(2-4) and a commercial human full length Igg, then challenged using serial dilutions of
goat anti-human IgE (e chain) antibody. Data represent the mean value with + SD from
readings of three different wells.
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The next step was to assess whether the biotinylation of IgE Fc (2-4) could influence
the activation of the cells. The same luminescence experiment was applied to IgE Fc
(2-4) before and after biotinylation. Again, the data shows no difference between the
two forms of IgE Fc (2-4), which suggests that biotin does not affect the binding to

receptor (Figure 5-5).
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Figure 5-5: Luminescence response of IgE Fc (2-4) protein with or without biotinylation.

RS-ATL8 cells were sensitised overnight with both biotinylated and non-biotinylated
IgE Fc (2-4) then challenged using serial dilutions of goat anti-human IgE (& chain)

antibody. Data represent the mean value with = SD from readings of three different
wells. N=2.
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5.3.3 Conjugation of biotinylated Fc proteins to Streptavidin-microparticles

The binding of biotinylated Fc proteins with streptavidin-coated particles was
assessed in order to determine what amount of protein is needed to saturate the
particles’ surface. Various amounts of biotinylated IgE Fc (2-4) protein were used for
capture by particles of two different diameters (0.5um and 1um), and analysed by
SDS-PAGE gel before and after the capture process. The obtained data showed that
attachment of IgE Fc protein to the particles can be detected. 2.5ug and 1ug of protein

was needed to saturate 50ug of 0.5um and 1um particles, respectively (Figure 5-6 A

and B).
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Figure 5-6: Optimisation of IgE Fc protein conjugation with streptavidin-microparticles.

SDS-PAGE analysis of loading of different amounts of IgE Fc protein to 0.5 um particles
(A) and 1 um particles (B). (-) represents 100% of IgE Fc protein before the binding
with streptavidin-particles. (+) represents the unbound protein after the same
amount of IgE Fc protein was captured with 50 ug of streptavidin —microparticles.
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5.3.4 Functionality of IgE Fc -particle conjugates on the reporter RBL cell lines

Various parameters need to be optimised before applying the designed delivery
system (IgG/IgE Fc microparticles conjugate) on the basophils. To achieve this,
modified particles with IgE Fc (2-4) only were tested on RBL reporter cells (RS-ATL8)
to see whether they could activate the cells and to evaluate the effects of the
following conditions; particle size, particle concentration and the density of Fc ligands

on the surface of the particles.

5.3.4.1 Testing different concentrations of modified 0.5um particles

Firstly, different concentrations of modified 0.5um particles were exposed to
sensitised and non-sensitised cells with human IgE and luciferase production was
measured after 4 hours. The results show the ability of modified particles to engage
with IgE receptors and mediate cell activation. The data displays a concentration-
dependent activation in both cell conditions. In addition, unsensitised cells
consistently showed a higher activation value than the sensitised cells (Figure 5-7).
Based on these results, 250, 100 and 50 ug/mL were chosen for all subsequent

experiments.
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Figure 5-7: Luminescence response of different concentration of modified 0.5 um
particles.

RS-ATL8 cells in two conditions were used in this experiment, cells sensitised
overnight with 1 ug/mL IgE and non-sensitised ells. modified particles were added to
sensitised (red bar) and non-sensitised cells (blue bar). Data represent the mean value
with = SD from readings of three different wells. the negative control was unsensitised
cells stimulated with anti Ig. The positive control was cells sensitised with human IgE
and stimulated with anti-human IgE (epsilon chain) antibody.

To confirm the luciferase data from the RS-ATLS cell line, the same modified particles
were applied on another RBL reporter cell line (NFAT-DsRed). In this experiment, FceRlI
receptors were crosslinked after stimulation and the cells produced red fluorescent
protein (NFAT-DsRed-Express2) which acts as a reporter for cell activation. This can
be visualised using fluorescence microscopy 24 hours post-stimulation. Similar to
luciferase assay data, the images show more red fluorescent cells with Fc-modified

particles in non-sensitised cells compared to sensitised cells (Figure 5-8).
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Figure 5-8: Images from fluorescence microscopy for 0.5 um Ps_IgE Fc conjugates in
both cells conditions.

Cells were exposed to different concentrations (50,100 and 250 pg/mL). Negative
control was non-sensitised cells that stimulated with anti-IgE, while positive control
was sensitised cells stimulated with anti-IgE. The cell’s nucleus was stained with
Hoechst dye (blue staining).

5.3.4.2 Comparing modified and non-modified 0.5um particles

The next step was comparing the modified to un-modified particles to confirm that
the effect of cell activation is seen only for the particles coated with IgE Fc. The
previously determined concentrations (50, 100 and 250 pg/mL) were used, and the
same design of experiment was applied. The results of normalised luminescence
response showed that un-modified 0.5um particles could not activate the cells
compared to modified particles in non-sensitised and sensitised conditions as

demonstrated in Figure 5-9 A and B.

128



Non-sensitised RS-ATLS8 cells

-
"
S 150-
=S - Negative Control
E 100 -« Positive Control
o
§ - 0.5um Ps_IgE Fc
é 50+ -+ 0.5um Ps
£
=]
I e
E N N
E .50 S &
o O o@ Ny
z o \Q° N
Treatments
B
Sensitised RS-ATLS cells
150 -
Negative Control
100- Positive Control

0.5um Ps_IgE Fc

50 \\ 0.5um Ps
0 &

-50 -

L

Normalized luminescence response

Treatments

Figure 5-9: luminescence response of madified and un-modified 0.5um particles.

In this experiment, modified and un-modified 0.5um particles were added to RS-ATL-
8 cells. (A) cells were sensitised overnight with 1 ug/mL IgE (A) and (B) non-sensitised
ells. Data represent the mean value + SD from readings of three different wells. the
negative control was unsensitised cells stimulated with anti-IgE. the positive control
was cells sensitised with human IgE and stimulated with anti-human IgE (epsilon
chain) antibody. N=2.
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5.3.4.3 Effect of particle sizes on the activation of the cells

The effect of particle size on cell activation has been emphasised in this study. To
know if the size of the particles could play a role in cell activation, four different sizes
of particles (0.5, 1, 2 and 6 um) coated with IgE Fc protein at a concentration of 250
ug/mL were exposed to the cells. It can be clearly observed from the data in Figure 5-
10 that particle size has a major effect on cell activation. Particles of 0.5 um diameter

were the only size that could activate non-sensitised and sensitised cells.

A
° Non sensitised RS-ATL8
w
S 3004
o e Negative Control
E m  Positive Control
e 200
S *xnx A 05pumPs_IgE Fc
Fd P
3 v 1umPs_IgE Fc
c g
E 1007 I I I 2 um Ps_IgE Fc
é ® 6pumPs_IgE Fc
] B T
s v v v
S Q@é‘ Q\@é‘ &\&
W N S
Treatments
B
° Sensitised RS-ATL8
w
S 300-
- e Negative Control
E = Positive Control
3 2004 -
S A 05pmPs_IgE Fc
o EEEK L
§ I I v 1umPs_IgE Fc
§ 1001 - I 2 um Ps_IgE Fc
é ® 6pumPs_IgE Fc
N 0 P F = -
E V) V) [
=
g \&\r \6\\/ \<°\/
) ) O
N ) o
&S 8
Treatments

Figure 5-10: Effect of the particle sizes on the cell activation.
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Comparison of four different particle sizes in non-sensitised (A) and sensitised RS-
ATLS8 cells (B). negative and positive control was non-sensitised and sensitised cells
stimulated with Anti-IgE respectively. Data are presented as mean with = SD (N=3).
*¥*%*%*p < 0.0001 (Dunnett’s test).

5.3.4.4 Effect of IgE Fc density on cell activation

Following the comparison of particle size, the effect of 1um particles coated with
different IgE Fc densities was also explored. The purpose of this experiment was to
evaluate the role of Fc density on cell activation. At a concentration of 250ug/ml of
1um particles, several ratios of IgE Fc protein were prepared starting from 1:1 which
represented the maximum coverage of the particles’ Fc protein. Overall, the results
show that the highest activation value was achieved with a lower Fc density ratio
(1:50) compared to high Fc density (1:1) and this means that Fc density plays a role in

the activation of the cells (Figure 5-11).
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Figure 5-11: The effect of the IgE Fc density on the cell activation.

Different Fc density ratios of IgE Fc ligand on the surface of 1 um particle were tested
on RS-ATL-8 cells in non-sensitised and sensitised conditions.
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5.3.5 Development of RBL cell lines expressing human FcyRIIB

Establishing a reporter cell line that contains both human IgE receptors (FceRI) and
the inhibitory IgG receptor (FcyRIIB) is required to test the functionally of the designed
delivery system, and three steps are essential to develop such stably transfected cell
line: cloning of the FcyRIIB gene into a mammalian expression vector; optimising the
selective antibiotic concentration to generate stably transfected cells; and

transfection the RBL cells with cloned FcyRIIB vector.

Firstly, the synthesised human FcyRIIB coding DNA was cloned successfully into
pcDNA4-TO-Puromycin-mVenus-MAP using EcoRV and Xbal restriction sites and DNA
sequencing was used to confirm successful cloning. Following the cloning procedure,
the RS-ATL8 cells were grown in medium containing different concentrations of
puromycin to determine the lowest concentration that can kill all non-transfected
cells within a week. After a week of adding the treatment, 1 ug/mL was the minimal
concentration observed to kill all cells, and this concentration was chosen for the

selection after the transfection (Figure 5-12).

Next, two ways of transfection were used to transfect RS-ATL8 cells; using commercial
transfection reagents (X-tremeGENE 9 and TransIT-2020) and an electroporation
method (nucleofection). Initially, the transfection efficiency obtained from both
transfection reagents was low compared to and all cells were dead after the selection
with puromycin (Figure 5-13 A and B). Later, nucleofection method was applied to
obtain a higher transfection efficiency. The data of transfection efficiency was
promising as it was much higher compared to the transfection reagent (Figure 5-13

C). Unfortunately, after the selection with puromycin, all cells were dead.
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Figure 5-12: Microscopy image RS-ATLS8 cells treated with different concentrations of
puromycin.
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Figure 5-13: Fluorescence microscopy image of transfected RS-ATL8 cells using
commercial transfection reagents and nucleofection.

Two different ways to transfect RS-ATL8 were used, (A) and (B) represent the
transfection of green fluorescent protein with X-tremeGENE 9 and TransIT®-2020 with

1:6 and 1:3 ratios (w/w) respectively. while (C) show the transfection using
nucleofection method.
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Due to unavailability of dual humanised FceRI/FcyRIIB RBL cells to test the delivery
system, Fc-particle conjugates were applied directly to purified human peripheral
blood basophils. The basophils were purified and stimulated with concentration of
250 pg/mL of different coated 0.5um particles as follows: 1gGw-IgE Fc conjugates,
IgGpe -IgE Fc conjugates, IgE Fc conjugates, BSA conjugates, anti-human IgE and PBS
buffer only. The applied microparticles had different stoichiometric ratios of attached
IgE Fc to IgG Fc regions; =1:1000 with wild type 1gG and =1:7 with the mutant IgG with
improved binding affinity (IgGpe) see section (3.3.1). No differences in histamine
release were observed between all Fc-particle conjugates. This indicates that all types
of the designed delivery systems were unable either to activate the basophils (IgE Fc
conjugate) or inhibit the activation (IgGwr -IgE Fc and 1gGp¢ -IgE Fc conjugates) before

and after cell stripping (see Figure 5-14 A and B).
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Figure 5-14: Histamine release from basophils by using different Fc-particle conjugates.

Differential histamine release from basophils was assessed were IgE not-stripped in

(A) and stripped in (B). Stripping refers to a short incubation in lactic acid buffer,

followed by a fast centrifugation, which removes a large proportion of receptor-

bound IgE, without damaging the cells. 0.5um particles coated with BSA, IgE, 1g8Gwr.

IgE, IgGpe-IgE were added in both conditions while Positive control was cells

stimulated with anti-IgE. Data are corrected for spontaneous histamine release. N=1,

this experiment was performed in collaboration with Dr Bernhard F Gibbs (Medway

School of Pharmacy, University of Kent).
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5.4 Discussion

After establishing an effective strategy to express Fc recombinant proteins in a good
yield and high purity, the ultimate goal of this chapter was to evaluate the ability of
Fc-particle conjugates to control allergic cell activation, and to know whether this
therapeutic system could be a good option to treat or prevent allergies. To perform
these experiment, two essential steps were conducted; in vitro biotinylation of Fc
protein and conjugation to streptavidin microparticles. Some characterisation
procedures were also used to identify the optimal condition before applying the

designed system to the basophils.

Protein bitoinylation was the first stage. To generate a biotinylated protein using BirA
enzyme, in vivo and in vitro methods can be used; The in vitro method takes longer,
but also gives a better efficiency compared to in vivo. Due to several cellular factors,
it is difficult to control the degree of in vivo biotinylation as it is different from batch

to batch?'72%

. Both IgE and IgG Fc were completely biotinylated after incubation with
BirA enzyme at room temperature. These results support the advantage of using in
vitro biotinylation as the reaction can be controlled by concentrating the proteinin a
lower volume with less incubation time (Figures 5-2 & 5-3). Another aspect in this
experiment was using SDS-PAGE gel as a method to assess the extent of biotinylation.
The current methods such as HABA and FluorReporter assays have many drawbacks
in terms of requiring more time, consuming a large amount of protein, the high cost
of the reagents, and the need for a biotin calibration curve for the analysis. A

streptavidin gel-shift assay can overcome these limitations and is a good alternative

method of biotinylation detection.

Next, it was important to study the functionality of Fc protein in inducing the signalling
pathway after the insertion of Avi Tag in the immunoglobulin construct and the
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biotinylation with BirA enzyme at room temperature. As the binding profile before
and after the biotinylation was the same, this finding allows us to go to the next step

(Figures 5-4 and 5-5).

The luminescence data observed after applying the IgE Fc-particle conjugate on the
reporter cell line reveals aspects that should be taken into consideration. Firstly, the
ability of the IgE Fc protein to bind to its FceRl receptor reflects the stability of Fc-
particles’ conjugate and the proper presentation of these proteins on the surface of
microparticles (figure 5-7). This supports the benefit of using biotin-streptavidin
conjugation via Bira enzyme as it allows the biotinylated Fc proteins to bind to one
microparticle in a precise position rather than the random attachments to many

284,2
8285 Our data also represents the

particles which caused by the chemical method
ability of the designed system to be directly involved in the crosslinking of FceRI
receptors which in turn initiate the downstream signalling pathway detected by the
release of the luciferase, which is an indicator of the cell activation. These findings

were further validated by the positive outcomes that were obtained when applying

the same designed system to another RBL reporter cell (NFAT-DsRed) (Figure 5-8).

It is believed that there is a direct relationship between the quantity of IgE molecules
and the increased expression levels of FceRl receptor on the surface of the basophils
and mast cells®’. This has been explained by a stabilising effect of IgE on occupied
receptors. In the absence of bound IgE, the FceRl complex is rapidly internalised and

286

degraded™™. Thus, overnight incubation with IgE results in increased surface
expression of FceRl, as shown also by our group287. However, a stronger activation
response was consistently detected when the non-sensitised cells were exposed to
IgE Fc-particle conjugates compared to sensitised RBL cells. This perhaps unexpected

result could be explained by the idea of presence a competition between the IgE
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molecule which bound to basophils from the sensitisation step and IgE Fc-particle
conjugates on the receptors site. The binding affinity between IgE and it receptor is
high (giving the receptor is name: High affinity IgE receptor); IgE molecules show a
remarkably slow dissociation rate which makes it difficult for other competing ligands
to occupy the receptor®”. However, this effect might have been counterbalanced by
the high valency of multiple IgE ligands immobilised on the MP surface, resulting in
cooperative binding of the particle and displacement of monomeric IgE. Our results
indicate that IgE Fc-particle conjugates were unable to displace the receptor bound
IgE molecules from the receptor binding site. Our results also show that there is no
significant cellular activation with non-modified 0.5 um particles when compared to
the modified particle with IgE. This result is expected as the nanoparticle itself could
not cause any activation without any attached IgE and at the same time proves the
necessity of IgE on the surface of the particle in promoting the receptor clustering and

inducing downstream signalling events (Figure 5-9).

The influence of particle size on regulating the immune response has also been
explored in this part of the work. Although all particle sizes (0.5, 1, 2 and 6 um) were
loaded with the same maximum IgE Fc density, those with a diameter of 0.5 um were
considered the ideal size to mediate the cells’ activation (Figure 5-10). This finding
shows the importance of particle size as a key factor in the stimulation activity. The
reason why other particle sizes could not produce any activation effect might be due
to the difference in the distance between the attached ligands on particles and the
average spacing between the two receptor binding sites on the cell surface not

allowing for a proper binding®®.
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A study by Pierini and co-authors examined the role of particle size on the activation
of mast cells or basophils, particularly at the micron scale. The results described
support our findings, as they show that when the 6um beads coated with biotinylated
IgE were added to RBL-2H3 cells, no stimulation effect (as measured by mediator

release) could be detected”®

. The authors of this study offer a very different
explanation for the lack of activation by 6pm beads. They suggest that clearance of
some plasma membrane proteins such as GDg gangliosides, Thy-1 and p53/56Iyn from
the interaction site between particles and cells might cause the limiting of cells

response. They also suggest that the loss of these membrane components is related

to the process of beads phagocytosis that produces changes in the cells response.

Another study by Pacheco and co-authors focused on testing the level of complement
activation. They used different particle sizes (0.5, 1, 2 and 4 um) functionalised with
IgG Fc ligands. Their results showed that although the 4 um particle was saturated
with 1gG Fc ligand, it gave a lower complement activation level compared to other
sizes’®. In contrast with our results, a high activation response was noticed by the
aforementioned Pierini when using beads with a diameter size = 100um. Surprisingly,
this degranulation effect was with a very low particle ratio to the cells (1 particle per

19 cells)®®.

A less sophisticated, but related approach was taken by several other groupszgl_m.

This approach does not use humanised RBL reporter cell lines or engineered Fc regions
of IgE. It mainly takes advantage of the existence of a murine myeloma IgE obtained
in 1980 by Eshhar®®>. This widely used clone SPE-7 myeloma secretes IgE which is
specific for the Dinitrophenyl hapten. Dinitrophenyl in itself is too small to act as an

allergen, but becomes an allergenic epitope when conjugated e.g. to BSA or
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nanoparticles. RBL-2H3 cells can be used, as the rat IgE receptor is able to bind murine
IgE (but not human, hence our use of humanised cell lines). Activation of RBL-2H3 via
the IgE receptor can be measured by measuring release of beta-hexosaminidase,

which is stored in granules.

Using this system, Huang and co-authors could show that DNP-conjugated gold
nanoparticles with a diameter of 25.8 nm could induce approximately 25%
degranulation, which was more than the activation levels obtained with soluble DNP-
BSA. The amount of degranulation also depended on DNP-ligand densities®".
However, larger Au nanoparticles are not available, and this type of particles is too
small for conjugation with very large molecules such as IgE, thus a direct comparison
with our results is not possible. Similarly, Joralemon and colleagues used DNP-
decorated amphiphilic diblock copolymers obtained from different acrylates. The
authors obtained high (up to 50%) levels of degranulation from RBL-2H3 cells with

particle diameters ranging from 13 to 24 nm?**

. Again, such sizes are not amenable to
conjugation with large molecules such as IgE or the IgE Fc region. Interestingly another
group found a direct activation effect of undecorated, 20 nm diameter silver
nanoparticles on RBL-2H3, resulting in high (35-50%) levels of degranulation with or
without IgE sensitization, suggesting potential issues of toxicity. The authors identified

293
.In

a role for scavenger receptor B1 (SR-B1) in Ag-dependent mast cell activation
contrast, Ortega and co-authors used polyacrylic acid (PAA) functionalized metal-
oxide NP (50 -140 nm), found an inhibition of RBL-2H3 degranulation induced by DNP
conjugated with human serum albumin in the presence of the metal-oxide NP?%,
However, another group described induction of histamine secretion by TiO;

nanoparticles and suggest that TiO, NP exposure and allergen-independent histamine

. 2
release could exacerbate allergic responses™®.
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Overall, due to the partially conflicting and relative scarcity of data in the literature, it
is difficult to draw a definitive or generalised conclusion regarding the optimal particle
size and other properties for the activation of the allergic cells; this clearly needs
further investigations. However, not only their small size, but also the direct
degranulation-inducing effects of metals (e.g. Ag) or metal oxides (e.g. TiO,)

nanoparticles may preclude these nanomaterials from use in anti-allergic therapies

The size of particle was not the only factor that gained attention in this study. The
ratio of Fc density on the surface of the particles can also determine the level of cells
activation. The role of IgE Fc density when presented on a microparticle carrier has
not been investigated in the literature. Based on our experimental data with 1 um
particle size, IgE Fc density (1:50) gives more activation response than the higher
density ratios. This finding is not similar to other types of immunoglobulin Fc regions.
In the case of IgG Fc ligand, many groups of researchers have examined the effect of
the Fc density on the immune response. a higher IgG Fc density leads to higher
internalisation efficiency (phagocytosis) and higher activation of complement

290,2 . . . .
%9297 "It was clear from the previous information that many variable factors

system
contribute to the process of cell activation and need to be adjusted. We only examine

two factors in this study, but there are other elements that need to be examined such

as the ligand orientation, distance between Fc ligands, and the shape of the particle.

The technique of human basophils purification has been developed by many
researchers over the last decade, including our own Iaboratorym, but there remain
some limitations as a tool for studying degranulation, mainly the limited yield of

2
99300 Eor that reason, the

purified basophils and the high cost of the purification kit
need to develop a RBL cell line with reporter genes to evaluate the IgG/IgE Fc-particles

conjugates was one of the objective in this work. This would enable us to generate a
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stable cell line, enabling a viable screening tool with the following advantages; easy

to perform, cheap and less time consuming.

The current available luciferase RBL reporter system was developed by Ryosuke
Nakamura®®’. These cell lines were humanised with the FceRI receptor only. To test
the IgG/IgE Fc-particle conjugates, the reporter system needs to be transfected with
the human FcyRIIB receptor. After choosing the minimum concentration of the
selective antibiotic (puromycin), two transfection methods were used to transfect
human FcyRIIB construct; cationic-lipid transfection and electroporation. For the first
method, the transfection efficiency was too low and the cells was killed by adding the
selective antibiotic. Although a higher transfection efficiency was achieved with
electroporation, surprisingly, the cells did not survive after incubation with
Puromycin. RBL cells are considered relatively difficult to transfect, and so perhaps as
the cells were previously transfected with two genes under the selection of two
different antibiotics, they become more sensitive to a third selective antibiotic. As the
transfected plasmid was not linearised, this might have reduced that the chances of
the vector being integrated into the genome, a prerequisite for stable

2
transfectants®®.

The result from the activation of the RBL cell line by 0.5um particle was promising to
continue for the next step. The functionality of 1gG-IgE Fc-particle conjugates as a
novel therapeutic option was evaluated with purified human basophils cells. In
contrast to what we found in vitro, the histamine release data obtained from the
purified human basophils did not show any inhibition caused by IgG-IgE Fc-particle
conjugates, nor did it show any activation with IgE Fc-particle conjugates. There is no

obvious reason why the Fc-particle conjugate does not work with human basophils
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sample. However, with IgE Fc-particle conjugates, since FceRI receptors are occupied
with IgE in the purified human basophils, it will be difficult for IgE to be displaced
(similar observations were made with the sensitised RBL cell line). Additionally, for
IgG-gE Fc-particle conjugates, it is not clear whether the negative result is related to
improper engagements of both Fc ligands with their receptors or the inability to
initiate the inhibitory signalling even after the ligands-receptors interaction. In any
case, the experiment has only been performed once with a single donor (albeit, based
on the good activation with anti-IgE, not a non-responder), so more experiments will
be needed before drawing a firm conclusion, according to the proverb “once is

nothing at all”.

Finally, although the optimisation steps were performed for obtaining a better
response in RBL cell line, this reporter system does not completely represent the

situation with human basophils*®.
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5.5 Conclusion

In this chapter, purified IgE and IgG Fc recombinant proteins were biotinylated using
BirA enzyme recognising an Avi-Tag on the C-terminal of the immunoglobulin
construct. In terms of the biological activity of protein, no decline was detected in the
activity of IgE Fc after biotinylation. Following this step, biotinylated Fc proteins were
conjugated to streptavidin-coated particles to be evaluated using luciferase reporter
RS-ATL8 and fluorescence NFAT-DsRed cell lines. Our result show that the cells’
activation is dependent on the size of the particles and the density of IgE Fc density.
The ideal particle size and the IgE density ratio that gives the highest activation was
0.5 um and 1:50. Although different transfection methods were used in an attempt
to establish a reporter system as screening tool to evaluate the functionally of the
IgG-IgE Fc-particle conjugates, none of the methods was successful. Finally, to
evaluate the activity of the proposed delivery system, different formulations were
applied to purified human basophils and the level of the histamine release was
measured. These preliminary data indicated that none of the drug delivery
formulations was working in both stripped and non-stripped basophil cells, but more

experiments are needed to confirm and validate these findings.
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Chapter 6. General discussion and conclusion

6.1 Research significance

This research was inspired by the idea of developing a novel immunotherapy to
overcome the limitations of current allergy treatments. Although there is an
increasing understanding of the molecular and cellular basis that contributes to
allergic disorders, this has not helped in the development of new and effective
treatments with acceptable side effects. This may be due to the difficulty in
understanding the chronicity of allergic inflammation, allergen exposure, and the
influence of the environmental determinants on the development of allergies™*.
Management that is based on avoiding the allergen is not a good alternative as in
many cases, it is difficult to apply, insufficient, and most patients prefer to use the
medication®*. Currently, an allergy is not a curable disease, and patients are advised
to avoid the triggers and to follow the medical advice before starting pharmacological
therapy. Initially more or less benign allergic manifestations can progressively develop
into severe asthma, which is a life-threatening condition. Similarly, food allergy can
have a strong negative impact on the quality of life of patients and, in the case of

children, their carers.

It is important in the allergic reaction to understand the activating or the inhibitory
signalling pathways to create new therapeutic strategies. Some signalling molecules
are considered as upstream master regulators, and this is an interesting site to target.
Intervention with or control of these molecules could lead to the regulation of many
inflammatory processes. In this study, the designed system (lgG/IgE Fc-particle
conjugates) aimed to inhibit multiple signalling events and this is based on inhibition

of the initial signalling pathways of the activated mast cells and basophils, using the
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principle of co-aggregation of the inhibitory IgG receptor with the activating IgE Fc

receptor.

6.2 Observations of the production of recombinant Igk and IgG Fc fragments

We have demonstrated a successful strategy for producing recombinant IgE and
mutant IgG Fc regions (see Chapter 4). These Fc proteins were an important part in
the design of the Fc-particle conjugate system. There are some aspects which need to
be emphasized. The first is the difficulty faced in achieving these Fc recombinant
proteins, such as low protein yield, and choosing the best purification technique, and
optimising the sequence of IgE construct to be expressed (see Chapter 3). These led
us to further consider the importance of choosing the ideal expression vector and host

system in determining the quantity and purity of the desired protein.

The second aspect is the complexity of Fc protein structure compared to any other
antibody fragments (ScFv, Fab and VHH). The changes in the structure of Fc region in
terms of protein glycosylation could significantly impair the activity and affinity of the
antibody for the receptor. Fc-glycosylation is essential in stabilising the antibody
structure through CH2 domains to be less susceptible to unfolding and aggregation®.
The conformational structure of CH2 is mainly controlled by the size of N-glycan which
results in the development of two structures, open and closed. These formations will
have a huge effect on the effector function following the binding of Fc protein with its

rece ptor3°6’3°7

. For that reason, choosing the ideal expression system for producing
functional Fc recombinant protein is crucial to the success of the Fc expression.
Although it is costly, time consuming, and the risk of bacterial or fungal contamination
is high, we chose to use the mammalian expression platform in this study as it offers
post-translational modifications (e.g. glycosylation, disulphide bond formation,

chaperones) that conserve the recombinant Fc protein activity.
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Finally, there is the issue of expressing a customised Fc fragment instead of full sized
antibody. Depending on the aim of the study, the expression of an Fc fragment is
preferable for several reasons. First, both effector functions and the pharmacokinetic
profile such as half-life of the IgE and 1gG molecule will be retained, avoiding any
undesirable immunogenicity effect caused by the presence of the Fab region. From
the biopharmaceutical application perspective, the lower molecular weight of Fc
protein is a good antibody candidate as it is more resistant to the changes in glycan
patterns (proportion of mannose, galactose and sialic acid) or to the removal of N-
glycosylation compared to the whole molecule®®. In term of particle conjugation, the
low molecular weight of the Fc fragment allows for a more convenient and precise
orientation of Fc region to interact with the corresponding receptors. Finally, unlike
the full-length immunoglobulins, the lower molecular weight hence smaller special
requirements of Fc will allow the particle to be attached to a higher density on

microparticles.

6.3 Observations of the effect of the delivery vector size

The influence of microparticle size on the immunological response is one of the main
findings of this study. Many reports have investigated the role of particle size in
targeted drug delivery, and small particle size (100 nm or less) is regarded as a more
efficient carrier due to the ability to pass through capillaries after administration, and

—311 .
309311 However, since there are few

greater efficiency in crossing biological barriers
studies exploring the effect of particles size with the IgE Fc region, and depending on

the type and the level of the immune response, it is difficult to predict the range of

particle size that gives the optimal response.

It is probable that 0.5 um is the ideal particle size when it is coated completely with
IgE. However, it is not certain whether the lack of or low activation of other modified
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particles is due to the particle size. It may be that they reach the supra-optimal level
of IgE-crosslinking, as the degranulation effect in mast cells and basophils is a bell-
shaped response and at supra-optimal IgE or antigen level, the degranulation
response will be decreased>**>". This assumption was supported by the data of Fc
density ratios which demonstrated that at a lower ratio of IgE to particles (1:50), the
activation level was higher, while both lower and higher ratios than (1:50) resulted in
lower levels of activation. This study gives a first insight into the role of particle size
and density of IgE Fc on the surface of particles in the engagement with basophil

receptors (FceRl).

6.4 Fc-particles conjugates as a therapeutic strategy of allergy

In Chapter 5, we describe an immunotherapeutic system composed of mono-
biotinylated IgG and IgE Fc-attached to streptavidin particles. The mechanism of this
system as a therapeutic strategy is based mainly on the known inhibitory effect of the
ITIM-bearing receptor (FcyRIIB) on the surface of allergic cells as a way to control the
reaction of mast cells and basophils. Unlike the current approaches of allergy
treatment, the special orientation of the Fc-particle conjugate system is optimised for
binding to the Fc receptor and thus work on the signalling pathway of the allergic cells,
which allow us to treat the allergic diseases from the initial steps in signal
transduction. As it is discussed in Section 1.9, a number of current treatments are
available to treat allergies, including corticosteroids, bronchodilators, mediator
antagonists (anti-histamine and anti-leukotriene), cytokine modulators and mast cells
stabilisers (Sodium cromoglycate). However, apart from the unpleasant side effects
that accompany the current therapies due to lack of selectivity, there are other
important limitations. Some of the conventional approaches are symptomatic

treatments which do not treat the underlying cause (bronchodilators and
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corticosteroid), while others are directed to target only one specific inflammatory
mediator (anti-histamine, anti-leukotriene and cytokine modulators) or are not
effective in acute anaphylaxis (Sodium cromoglycate). Patient compliance is another
of the problems with allergen immunotherapy, as the treatment course is long (over
years) and there is a small, but tangible potential that patients might suffer an

anaphylactic attack.

The effect delivering the inhibitory receptor (FcyRIIB) to the allergic cells is mainly on
regulating tyrosine phosphorylation of the syk protein, which represents upstream
regulation of the signalling cascades and is a key factor in activating the ITAM
signalling pathway. The recruitment of SHIP and SHIP1 proteins driven by the
phosphorylation of FcyRIIB controls the early signalling events by inhibiting

315315 The net result of this intervention is a

phosphorylation of syk-kinase enzyme
shutdown of all pro-inflammatory events, such as the release of histamine during
degranulation, cytokine production, or arachidonic acid metabolite synthesis
(leukotrienes and prostaglandins). Unlike the current allergy treatments, the ability to

control all the parameters of cell activation with Fc-particles conjugate would create

a better system as an immunotherapy.

Different groups of researchers have exploited the idea of FceRI-FcylIB co-crosslinking
to develop an immune-based therapy either by creating fusion proteins consisting of
Fc regions of IgG and IgE with a linker (GE2) or 1gG Fc region fused allergen such as
Fcy-Fel d | and Fcy-Der f2 (see Section 1.8). We have introduced two vital
modifications to maximise the usefulness of the suggested therapy: incorporating the
microparticles as the drug delivery platform, and insertion of specific mutations in the

sequence of wild-type 1gG Fc. The benefits of these modifications are: 1) specific
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mutations in the 1gG Fc fragment will minimise the otherwise severely biased
stoichiometric ratios between IgE and IgG Fc fragments by improving the binding
affinity of 1gG Fc to FcyRIIB receptor, bringing the affinities for their respective
receptors closer to each other ; 2) the microparticle vehicle will help in controlling the
attachment of recombinant Fc proteins in a defined stoichiometric ratio and special
orientation; and 3) the effect of Fc-particles conjugates will be broad, and target all

basophils or mast cells and not be limited to a single allergen-specific reaction.
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6.5 Conclusion

In this work, different IgG Fc variants were developed with improved binding affinity
to FcyRIIB using site directed mutagenesis method. For the protein purification and
particles conjugation purposes, two tags (Avi and His) were incorporated successfully
to the C-terminal of IgG and IgE Fc variants constructs . All Fc recombinant proteins
were expressed using a mammalian expression platform (293-6E cell line) and purified
with cobalt resin through IMAC purification procedure. The purified protein yield was
good enough for the next application. Regarding the particles conjugation step,
purified IgG and Igé Fc domains were mono-biotinylated via in vitro enzymatic
approach (BirA enzyme). To optimize the concentration, size and ligand density of the
suggested immunotherapy, particles conjugated with IgE Fc region were evaluated on

two reporter RBL cell lines (RS-ATL8 and NFAT-DsRed).

In term of the efficacy of Fc particle conjugates on peripheral blood basophils purified
from human donor, the preliminary data demonstrated that the suggested
immunotherapy could not either activate or inhibit the release of histamine from the
basophils. However, more experiments are required to confirm the validity of these

data.

In the future work, there is a need to investigate other parameters (CD63, CD203c
SHIP protein) which represent the early stages of cell activation or inhibition to have

a complete picture of the functionally of the Fc particle conjugates.
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Appendix 1 : A map of the pFUSE-higG1-Fc-6xHis/Avi plasmid

Keys:

EFficicorelpromoter B-globin poly(A) 5'LTR (truncated) 5'
IL-2 signal sequence _ Ori
AviTag/6xHis tags

Plasmid sequence :

GGATCTGCGATCGCTCCGGTGCCCGTCAG T HEGUAGAGEGOACATCGCCACAGTCEC0GAGAAGTIGEEEEEAGEEGICEE
GTGGGGGAGAACCGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGCTGAAGE

TTCGAGGGGCTCGCATCTCTCCTTCACGCGCCCGCCGCCCTACCTGAGGCCGCCATCCACGCCGGTTGAGTCGCGTTCTGCCGCC
TCCCGCCTGTGGTGCCTCCTGAACTGCGTCCGCCGTCTAGGTAAGTTTAAAGCTCAGGTCGAGACCGGGCCTTTGTCCGGCGCTC
CCTTGGAGCCTACCTAGACTCAGCCGGCTCTCCACGCTTTGCCTGACCCTGCTTGCTCAACTCTACGTCTTTGTTTCGTTTTCTGTT

CTGCGCCGTTACAGATCCAAGCTGTGACCGGCGCCTACCTGAGATCACCGGCGAAGGAGGGCCACCAYICrAYonYeleriy[c[e.V.N®

CCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACGAATTCGINFNISClclooNrcleanrNe Rty - oo fccee
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AACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAGGTT
TTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGAATTAATTCTAAAATACAGCATAGCAAAACTTTAACCTCCAAATCAAG
CCTCTACTTGAATCCTTTTCTGAGGGATGAATAAGGCATAGGCATCAGGGGCTGTTGCCAATGTGCATTAGCTGTTTGCAGCCTC
ACCTTCTTTCATGGAGTTTAAGATATAGTGTATTTTCCCAAGGTTTGAACTAGCTCTTCATTTCTTTATGTTTTAAATGCACTGACCT
CCCACATTCCCTTTTTAGTAAAATATTCAGAAATAATTTAAATACATCATTGCAATGAAAATAAATGTTTTTTATTAGGCAGAATCC
AGATGCTCAAGGCCCTTCATAATATCCCCCAGTTTAGTAGTTGGACTTAGGGAACAAAGGAACCTTTAATAGAAATTGGACAGC
AAGAAAGCGAGCTTCTAGCTTATCCl @ Xclfee(cleye(e [y [cle@Ne VVXC [cl@Xeclentcapcleeclcleeclclcy [elclec{erelclclelcr)
[ACTCCCGCCCCCACGGCTGCTCGCCGATCTCGGTCATGGCCGGCCCGGAGGCGTCCCGGAAGTTCGTGGACACGACCTCCGACC

[ACTCGGCGTACAGCTCGTCCAGGCCGCGCACCCACACCCAGGCCAGGGTGTTGTCCGGCACCACCTGGTCCTGGACCGCGCTGA
[TGAACAGGGTCACGTCGTCCCGGACCACACCGGCGAAGTCGTCCTCCACGAAGTCCCGGGAGAACCCGAGCCGGTCGGTCCAG

[AACTCGACCGCTCCGGCGACGTCGCGCGCGGTGAGCACCGGAACGGCACTGGTCAACTTGGCCATEACclafeafaarcaiec
GAGAGGAAAGAGAAGAAGGTTAGTACAATTGCTATAGTGAGTTGTATTATACTATGCAGATATACTATGCCAATGATTAATTGT
CAAACTAGGGCTGCAGGGTTCATAGTGCCACTTTTCCTGCACTGCCCCATCTCCTGCCCACCCTTTCCCAGGCATAGACAGTCAGT
GACTTACCAAACTCACAGGAGGGAGAAGGCAGAAGCTTGAGACAGACCCGCGGGACCGCCGAACTGCGAGGGGACGTGGCTA
GGGCGGCTTCTTTTATGGTGCGCCGGCCCTCGGAGGCAGGGCGCTCGGGGAGGCCTAGCGGCCAATCTGCGGTGGCAGGAGG
CGGGGCCGAAGGCCGTGCCTGACCAATCCGGAGCACATAGGAGTCTCAGCCCCCCGCCCCAAAGCAAGGGGAAGTCACGCGCC
TGTAGCGCCAGCGTGTTGTGAAATGGGGGCTTGGGGGGGTTGGGGCCCTGACTAGTCAAAACAAACTCCCATTGACGTCAATG
GGGTGGAGACTTGGAAATCCCCGTGAGTCAAACCGCTATCCACGCCCATTGATGTACTGCCAAAACCGCATCATIeLYKEICRpAvAypal

GCGATGACTAATACGTAGATGTACTGCCAAGTAGGAAAGTCCCATAAGGTCATGTACTGGGCATAATGCCAGGCGGGCCATTTA
CCGTCATTGACGTCAATAGGGGGCGTACTTGGCATATGATACACTTGATGTACTGCCAAGTGGGCAGTTTACCGTAAATACTCCA

CCCATTGACGTCAATGGAAAGTCCCTATTGGCGTTACTATGGGAACATACGTCATTATTGACGTCAATGGGCGGGGGTCGTTGG
[clecicyloNcle@Xcicleclclcle@ yprXeec) VARV VNSECCTGCAGGTTAATTAAGAACATGTGAGCAAAAGGCCAGCAAA
AGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCT
CAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTC
CGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTC
AGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACT
ATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATG
TAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGA
AGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAA
GCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAA
CTCACGTTAAGGGATTTTGGTCATGGCTAGTTAATTAACATTTAAATCAGCGGCCGCAATAAAATATCTTTATTTTCATTACATCT
GTGTGTTGGTTTTTTGTGTGAATCGTAACTAACATACGCTCTCCATCAAAACAAAACGAAACAAAACAAACTAGCAAAATAGGCT
GTCCCCAGTGCAAGTGCAGGTGCCAGAACATTTCTCTATCGAA
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Appendix 2: A map of the pFUSE-CHIg-hE-6xHis/Avi plasmid

Keys:

_ B-globin poly(A) 5'LTR (truncated) 5'
IL-2 signal sequence ori

Plasmid sequence:

GGATCTGCGATCGCTCCGGTGCCCGTCAG T HEGUAGAGEGOACATCGCCOACAGTCEC0GAGAAGTIGEEEEEAGEEGICEE
GTGGGGGAGAACCGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCAGAACACAGCTGAAGE

TTCGAGGGGCTCGCATCTCTCCTTCACGCGCCCGCCGCCCTACCTGAGGCCGCCATCCACGCCGGTTGAGTCGCGTTCTGCCGCC

TCCCGCCTGTGGTGCCTCCTGAACTGCGTCCGCCGTCTAGGTAAGTTTAAAGCTCAGGTCGAGACCGGGCCTTTGTCCGGCGCTC

CCTTGGAGCCTACCTAGACTCAGCCGGCTCTCCACGCTTTGCCTGACCCTGCTTGCTCAACTCTACGTCTTTGTTTCGTTTTCTGTT

CTGCGCCGTTACAGATCCAAGCTGTGACCGGCGCCTACCTGAGATCACCGGCGAAGGAGGGCCACCAYICrAYonYeleriy[c[e.V.N®

CCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACGAATTCGAYAIMIEETAGCTAGCACACAGAGCCCATCCGTCTTCCCCTTGA
CCCGCTGCTGCAAAAACATTCCCTCCAATGCCACCTCCGTGACTCTGGGCTGCCTGGCCACGGGCTACTTCCCGGAGCCGGTGA

GGTGACCTGGGACACAGGCTCCCTCAACGGGACAACTATGACCTTACCAGCCACCACCCTCACGCTCTCTGGTCACTATGCCAC

ATCAGCTTGCTGACCGTCTCGGGTGCGTGGGCCAAGCAGATGTTCACCTGCCGTGTGGCACACACTCCATCGTCCACAGACTGG
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ACTCCACCAGAAAGGAGGAGAAGCAGCGCAATGGCACGTTAACCGTCACGTCCACCCTGCCGGTGGGCACCCGAGACTGGA
GAGGGGGAGACCTACCAGTGCAGGGTGACCCACCCCCACCTGCCCAGGGCCCTCATGCGGTCCACGACCAAGACCAGCGGC

| ONONA [9)
—
[q]
>
9]
pust|
(9]
(@}
|
>
[q]
(@}
—
[q]
[q]
o
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>
[q]
>
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>
3
o
>
O B >

AACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAG
GTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGAATTAATTCTAAAATACAGCATAGCAAAACTTTAACCTCCAAATCA
AGCCTCTACTTGAATCCTTTTCTGAGGGATGAATAAGGCATAGGCATCAGGGGCTGTTGCCAATGTGCATTAGCTGTTTGCAGCC
TCACCTTCTTTCATGGAGTTTAAGATATAGTGTATTTTCCCAAGGTTTGAACTAGCTCTTCATTTCTTTATGTTTTAAATGCACTGAC
CTCCCACATTCCCTTTTTAGTAAAATATTCAGAAATAATTTAAATACATCATTGCAATGAAAATAAATGTTTTTTATTAGGCAGAAT
CCAGATGCTCAAGGCCCTTCATAATATCCCCCAGTTTAGTAGTTGGACTTAGGGAACAAAGGAACCTTTAATAGAAATTGGACAG
(oVXCTVAVANclelcrNclo o PNCIO RPN @O TCAGTCCTGCTCCTCTGCCACAAAGTGCACGCAGTTGCCGGCCGGGTCGCGCAGGGCG
[AACTCCCGCCCCCACGGCTGCTCGCCGATCTCGGTCATGGCCGGCCCGGAGGCGTCCCGGAAGTTCGTGGACACGACCTCCGA(]
CACTCGGCGTACAGCTCGTCCAGGCCGCGCACCCACACCCAGGCCAGGGTGTTGTCCGGCACCACCTGGTCCTGGACCGCGCTG
[ATGAACAGGGTCACGTCGTCCCGGACCACACCGGCGAAGTCGTCCTCCACGAAGTCCCGGGAGAACCCGAGCCGGTCGGTCCA
GAACTCGACCGCTCCGGCGACGTCGCGCGCGGTGAGCACCGGAACGGCACTGGTCAACTTGGCCATCIN[Clclafeefeocayer.y
GGAGAGGAAAGAGAAGAAGGTTAGTACAATTGCTATAGTGAGTTGTATTATACTATGCAGATATACTATGCCAATGATTAATTG
TCAAACTAGGGCTGCAGGGTTCATAGTGCCACTTTTCCTGCACTGCCCCATCTCCTGCCCACCCTTTCCCAGGCATAGACAGTCAG
TGACTTACCAAACTCACAGGAGGGAGAAGGCAGAAGCTTGAGACAGACCCGCGGGACCGCCGAACTGCGAGGGGACGTGGCT
AGGGCGGCTTCTTTTATGGTGCGCCGGCCCTCGGAGGCAGGGCGCTCGGGGAGGCCTAGCGGCCAATCTGCGGTGGCAGGAG
GCGGGGCCGAAGGCCGTGCCTGACCAATCCGGAGCACATAGGAGTCTCAGCCCCCCGCCCCAAAGCAAGGGGAAGTCACGCG
CCTGTAGCGCCAGCGTGTTGTGAAATGGGGGCTTGGGGGGGTTGGGGCCCTGACTAGTCAAAACAAACTCCCATTGACGTCAA
TGGGGTGGAGACTTGGAAATCCCCGTGAGTCAAACCGCTATCCACGCCCATTGATGTACTGCCAAAACCGCATCAT{eKeleqpaVa

[TAGCGATGACTAATACGTAGATGTACTGCCAAGTAGGAAAGTCCCATAAGGTCATGTACTGGGCATAATGCCAGGCGGGCCATT]
[TACCGTCATTGACGTCAATAGGGGGCGTACTTGGCATATGATACACTTGATGTACTGCCAAGTGGGCAGTTTACCGTAAATACT(
CACCCATTGACGTCAATGGAAAGTCCCTATTGGCGTTACTATGGGAACATACGTCATTATTGACGTCAATGGGCGGGGGTCGT

[clefcieclcperclelerNclcleclclclee .y R ar ey P VXAV ICIPYAXMCICCTGCAGGTTAATTAAGAACATGTGAGCAAAAGGCCAGCA
AAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACG
CTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTT
CCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCT
CAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAAC
TATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTAT
GTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTG
AAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCA
AGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAA
ACTCACGTTAAGGGATTTTGGTCATGGCTAGTTAATTAACATTTAAATCAGCGGCCGCAATAAAATATCTTTATTTTCATTACATC
TGTGTGTTGGTTTTTTGTGTGAATCGTAACTAACATACGCTCTCCATCAAAACAAAACGAAACAAAACAAACTAGCAAAATAGGC
TGTCCCCAGTGCAAGTGCAGGTGCCAGAACATTTCTCTATCGAA
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(7957) Scal PshAl (420)
(7730) Sspl

(6975) BspQI - Sapl

Agel (1562)
\ - NotI (1602)
(6644) Asel \\ — Absl (1637)

(6545) Afel [

— Sall (1931)
—— BglII (1986)

(6219) Xbal pVITRO1-d\al;113<_:jlik-6xH|s/AV|

(6154) AvrIl —

(5737) BspEI
sequencing F primer (2692 .. 2710)

Bsu361 (2697)

— Mutagenic R primer (2897 .. 2971)
" Mutagenic F primer (2972 .. 3043)

‘: BxHis)

BsrGI (3011)
Psil (3137)

€MV enhancer
(5080) AfIII

ApalLl (3675)
BciVI (3791)

(4292) BsaAl - SnaBI
(4286) BtgZl Ndel (4186)

Appendix 3: A map of the pVITRO1-dv-IgEK-6xHis/Avi plasmid

Keys:

\VH1-02 Signal Secretory leader JE\/IDAAIN= _ HygR|
VKA26 Secretary leader C-Kappa Ori
Avi /6xHis tags SV40 poly(A) signal

Plasmid sequence:

CCTGCAGGGCCTGAAATAACCTCTGAAAGAGGAACTTGGTTAGGTACCTTCTGAGGCGGAAAGAACCAGCTGTGGAATGTGTG

TCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTG

TGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCACTAGTGGA

GCCGAGAGTAATTCATACAAAAGGAGGGATCGCCTTCGCAAGGGGAGAGCCCAGGGACCGTCCCTAAATTCTCACAGACCCAA

ATCCCTGTAGCCGCCCCACGACAGCGCGAGGAGCATGCGCTCAGGGCTGAGCGCGGGGAGAGCAGAGCACACAAGCTCATAG
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ACCCTGGTCGTGGGGGGGAGGACCGGGGAGCTGGCGCGGGGCAAACTGGGAAAGCGGTGTCGTGTGCTGGCTCCGCCCTCTT
CCCGAGGGTGGGGGAGAACGGTATATAAGTGCGGCAGTCGCCTTGGACGTTCTTTTTCGCAACGGGTTTGCCGTCAGAACGCA
GGTGAGGGGCGGGTGTGGCTTCCGCGGGCCGCCGAGCTGGAGGTCCTGCTCCGAGCGGGCCGGGCCCCGCTGTCGTCGGCGG
GGATTAGCTGCGAGCATTCCCGCTTCGAGTTGCGGGCGGCGCGGGAGGCAGAGTGCGAGGCCTAGCGGCAACCCCGTAGCCTC
GCCTCGTGTCCGGCTTGAGGCCTAGCGTGGTGTCCGCGCCGCCGCCGCGTGCTACTCCGGCCGCACTCTGGTCTTTTTTTITTTITG
TTGTTGTTGCCCTGCTGCCTTCGATTGCCGTTCAGCAATAGGGGCTAACAAAGGGAGGGTGCGGGGCTTGCTCGCCCGGAGCCC
GGAGAGGTCATGGTTGGGGAGGAATGGAGGGACAGGAGTGGCGGCTGGGGCCCGCCCGCCTTCGGAGCACATGTCCGACGC
CACCTGGATGGGGCGAGGCCTGGGGTTTTTCCCGAAGCAACCAGGCTGGGGTTAGCGTGCCGAGGCCATGTGGCCCCAGCACC
CGGCACGATCTGGCTTGGCGGCGCCGCGTTGCCCTGCCTCCCTAACTAGGGTGAGGCCATCCCGTCCGGCACCAGTTGCGTGCG
TGGAAAGATGGCCGCTCCCGGGCCCTGTTGCAAGGAGCTCAAAATGGAGGACGCGGCAGCCCGGTGGAGCGGGCGGGTGAGT
CACCCACACAAAGGAAGAGGGCCTGGTCCCTCACCGGCTGCTGCTTCCTGTGACCCCGTGGTCCTATCGGCCGCAATAGTCACCT
CGGGCTTTTGAGCACGGCTAGTCGCGGCGGGGGGAGGGGATGTAATGGCGTTGGAGTTTGTTCACATTTGGTGGGTGGAGACT
AGTCAGGCCAGCCTGGCGCTGGAAGTCATTTTTGGAATTTGTCCCCTTGAGTTTTGAGCGGAGCTAATTCTCGGGCTTCTTAGCG
GTTCAAAGGTATCTTTTAAACCCTTTTTTAGGTGTTGTGAAAACCACCGCTAATTCAAAGCAACCGGTIIEeritefecrNeeyeicriNe

GATCCTCTTCTTGGTGGCGGCCGCCACAGGCGCGCACTCATNRINCININIOONETNE - - o ceeefeceyo ]

[0)
@
o
[q)
@
2!
—
o
I—c
o)
>
3

GTACAGCTAGCTGGCCAGACATGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTA
TTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTA
TGTTTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGAAATGTTAATTAACT
AGCCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGAT
CCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTAC
CAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCA
CTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGT
CTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAG
CTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGG
CGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTA
TAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGC
CAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTAATTAACCTGCAGGEC RO Yo}

IACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAA
[TAGGGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAG
[TACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGG

[Ny (e e R N R @ N e VN RPN O N [EATGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACT
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CACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGACTAGTGGAGCCGAGAGTAATTCATACAAAAG
GAGGGATCGCCTTCGCAAGGGGAGAGCCCAGGGACCGTCCCTAAATTCTCACAGACCCAAATCCCTGTAGCCGCCCCACGACAG
CGCGAGGAGCATGCGCCCAGGGCTGAGCGCGGGTAGATCAGAGCACACAAGCTCACAGTCCCCGGCGGTGGGGGGAGGGGC
GCGCTGAGCGGGGGCCAGGGAGCTGGCGCGGGGCAAACTGGGAAAGTGGTGTCGTGTGCTGGCTCCGCCCTCTTCCCGAGGG
TGGGGGAGAACGGTATATAAGTGCGGTAGTCGCCTTGGACGTTCTTTTTCGCAACGGGTTTGCCGTCAGAACGCAGGTGAGTG
GCGGGTGTGGCTTCCGCGGGCCCCGGAGCTGGAGCCCTGCTCTGAGCGGGCCGGGCTGATATGCGAGTGTCGTCCGCAGGGTT
TAGCTGTGAGCATTCCCACTTCGAGTGGCGGGCGGTGCGGGGGTGAGAGTGCGAGGCCTAGCGGCAACCCCGTAGCCTCGCCT
CGTGTCCGGCTTGAGGCCTAGCGTGGTGTCCGCCGCCGCGTGCCACTCCGGCCGCACTATGCGTTTTTTGTCCTTGCTGCCCTCG
ATTGCCTTCCAGCAGCATGGGCTAACAAAGGGAGGGTGTGGGGCTCACTCTTAAGGAGCCCATGAAGCTTACGTTGGATAGGA
ATGGAAGGGCAGGAGGGGCGACTGGGGCCCGCCCGCCTTCGGAGCACATGTCCGACGCCACCTGGATGGGGCGAGGCCTGTG
GCTTTCCGAAGCAATCGGGCGTGAGTTTAGCCTACCTGGGCCATGTGGCCCTAGCACTGGGCACGGTCTGGCCTGGCGGTGCCG
CGTTCCCTTGCCTCCCAACAAGGGTGAGGCCGTCCCGCCCGGCACCAGTTGCTTGCGCGGAAAGATGGCCGCTCCCGGGGCCCT
GTTGCAAGGAGCTCAAAATGGAGGACGCGGCAGCCCGGTGGAGCGGGCGGGTGAGTCACCCACACAAAGGAAGAGGGCCTT
GCCCCTCGCCGGCCGCTGCTTCCTGTGACCCCGTGGTCTATCGGCCGCATAGTCACCTCGGGCTTCTCTTGAGCACCGCTCGTCG
CGGCGGGGGGAGGGGATCTAATGGCGTTGGAGTTTGTTCACATTTGGTGGGTGGAGACTAGTCAGGCCAGCCTGGCGCTGGA
AGTCATTCTTGGAATTTGCCCCTTTGAGTTTGGAGCGAGGCTAATTCTCAAGCCTCTTAGCGGTTCAAAGGTATTTTCTAAACCCG
TTTCCAGGTGTTGTGAAAGCCACCGCTAATTCAAAGCAATCCGGARTGTTGECATCACAACTCATIGEGTTTCIGEIGeTCICEE
[TCCAGCTAGCCGCGGTGAATTCGATATCETCGAG CGTACGGTGGCGGCGCCATCTGTCTTCATCTTCCCGCCATCTGATGAGCA

GTTGAAATCTGGAACTGCCTCTGTTGTGTGCCTGCTGAATAACTTCTATCCCAGAGAGGCCAAAGTACAGTGGAAGGTGGATAA
CGCCCTCCAATCGGGTAACTCCCAGGAGAGTGTCACAGAGCAGGACAGCAAGGACAGCACCTACAGCCTCAGCAGCACCCTGA
CGCTGAGCAAAGCAGACTACGAGAAACACAAAGTCTACGCCTGCGAAGTCACCCATCAGGGCCTGAGCTCGCCCGTCACAAAG
AGCTTCAACAGGGGAGAGTGTTAGGGATCCCGTACGCCTAGGAGCAGGTTTCCCCAATGACACAAAACGTGCAACTTGAAACTC
CGCCTGGTCTTTCCAGGTCTAGAGGGGTAACACTTTGTACTGCGTTTGGCTCCACGCTCGATCCACTGGCGAGTGTTAGTAACAG
CACTGTTGCTTCGTAGCGGAGCATGACGGCCGTGGGAACTCCTCCTTGGTAACAAGGACCCACGGGGCCAAAAGCCACGCCCAC
ACGGGCCCGTCATGTGTGCAACCCCAGCACGGCGACTTTACTGCGAAACCCACTTTAAAGTGACATTGAAACTGGTACCCACAC
ACTGGTGACAGGCTAAGGATGCCCTTCAGGTACCCCGAGGTAACACGCGACACTCGGGATCTGAGAAGGGGACTGGGGCTTCT
ATAAAAGCGCTCGGTTTAAAAAGCTTCTATGCCTGAATAGGTGACCGGAGGTCGGCACCTTTCCTTTGCAATTACTGACCCTATG
AATACACTGACTGTTTGACAATTAATCATCGGCATAGTATATCGGCATAGTATAATACGACTCACTATAGGAGGGCCACCLYKERYA

GAAGCAATGGATGCCATTGCAGCAGCTGATCTGAGCCAAACCTCTGGATTTGGTCCTTTTGGTCCCCAAGGCATTGGTCAGTAC

CCACTTGGAGGGATTTCATTTGTGCCATTGCTGATCCTCATGTCTATCACTGGCAGACTGTGATGGATGACACAGTTTCTGCTT(

GTTGCTCAGGCACTGGATGAACTCATGCTGTGGGCAGAAGATTGTCCTGAAGTCAGACACCTGGTCCATGCTGATTTTGGAAG

AACAATGTTCTGACAGACAATGGCAGAATCACTGCAGTCATTGACTGGTCTGAAGCCATGTTTGGAGATTCTCAATATGAGG

CCAACATTTTTTTTTGGAGACCTTGGCTGGCTTGCATGGAACAACAAACAAGATATTTTGAAAGAAGACACCCAGAACTGGCTG

GTTCCCCCAGACTGAGAGCCTACATGCTCAGAATTGGCCTGGACCAACTGTATCAATCTCTGGTTGATGGAAACTTTGATGATG(

[TGCTTGGGCACAAGGAAGATGTGATGCCATTGTGAGGTCTGGTGCTGGAACTGTTGGAAGAACTCAAATTGCAAGAAGGTCTG

CTGCTGTTTGGACTGATGGATGTGTTGAAGTTCTGGCTGACTCTGGAAACAGGAGACCCTCCACAAGACCCAGAGCCAAGGAAN

GAATATTAGCTAG

@) I =1 B3 =1 =) B2
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(1) BglII Bmrl (178)
PfIMI (190)
| Eco53KI (206)
BanlI - Sacl (208)

Dral - Pmel {413)

BlpI (588)

Nsil (677)
(3544) Pail BStXI - XemI (706)

(3455) Mlul

5'AOX1 primer (855

\~— Mfel (s64)

" HindIII (872)

— BstBI (933)

(3281) ECoRY —— — BstAPI (995)

(3247) Stul* —__
(3239) KflI

(3196) Dralll

pPICZ alpha B-hIgG1-Fc-6xHis Avi
4273 bp

Psil (1136)
™ alpha-factor primer (1144 .. 1164)

PaeR7I - Xhol (1184)
Pstl (1210)

AhdI (1265)

(3119) Fsel —

(3013) Banl

(2957) SorAl \
(2889) Aatll —__\)

(2887) Zral

(2879) BssHII - MauBI
(2846) Mscl

(2841) Neol EcoNI (1478)

~ Aarl (1785)
- Xmnl (1814)
| BspQI - Sapl (1859)
| NotI (1893)
| Xbal (1951)
| Sall (1994)
Accl (1995)
|

Agel (2076)
3' A0X1 primer (2103 .. 2123)

(2357) BamHI

{2242) Pwull
(2208) BSIWI

Appendix 4: A map of the pPICZ alpha B-higG1-Fc-6xHis /Avi plasmid

Keys:

alpha-factor signal peptide TEF1 promoter _
IAOX1 transcription terminator @CYC1 transcription terminato AOX1 promoter

PUC origin _ EM7 promoter IgG Fc mutations sites

Plasmid sequence:

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCCGACATCCACAGGTCCATTCTCACACATAAGTGCCAA
ACGCAACAGGAGGGGATACACTAGCAGCAGACCGTTGCAAACGCAGGACCTCCACTCCTCTTCTCCTCAACACCCACTTTTGCCA
TCGAAAAACCAGCCCAGTTATTGGGCTTGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCATGACTTTATT

AGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTTGTTTATTTCCGAATGCAACAAGCTCCGCATTACACCCGAACATCACT
CCAGATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAAATGGCCCAAAACTGACAGTTTAAACGCTGTCTTGG
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AACCTAATATGACAAAAGCGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAACGGCCAGTTGGTCAAAAAG

AAACTTCCAAAAGTCGGCATACCGTTTGTCTTGTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGCTTAGCGCAG
TCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACGCAAATGGGGAAACACCCGCTTTTTGGATGATTATGCATTGTCT
CCACATTGTATGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCATGATCAAAATTTAACTGTTCTAACCCCTAC
TTGACAGCAATATATAAACAGAAGGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTAGCTTACTTTCATAATTGCGA
CTGGTTCCAATTGACAAGCTTTTG A'ITI'I'AACGACTI'I'I'AACGACAACTI'GAGAAGATCAAAAAACAACTAA'I'I'A'I'I'CGAAACG
CGGCACAAATTCCGGCTGAAGCTGTCATCGGTTACTCAGATTTAGAAGGGGATTTCGATGTTGCTGTTTTGCCATTTTCCAACAG

EE [ GCAGACAAAACTCACACATGCCCACCGTGCCCAGCACCTGAACTCCTGIHEGGACCGIITIGTCTTCCTCTTCCCC

AGCCAC

TTTTTCTTGGTATTTCCCACTCCTCTTCAGAGTACAGAAGATTAAGTGAGACCTTCGTTTGTGCGGATCCCCCACACACCATAGCTT

CAAAATGTTTCTACTCCTTTTTTACTCTTCCAGATTTTCTCGGACTCCGCGCATCGCCGTACCACTTCAAAACACCCAAGCACAGCA
TACTAAATTTTCCCTCTTTCTTCCTCTAGGGTGTCGTTAATTACCCGTACTAAAGGTTTGGAAAAGAAAAAAGAGACCGCCTCGTT
TCTTTTTCTTCGTCGAAAAAGGCAATAAAAATTTTTATCACGTTTCTTTTTCTTGAAATTTTTTTTTTTAGTTTTTTTCTCTTTCAGTG
ACCTCCATTGATATTTAAGTTAATAAACGGTCTTCAATTTCTCAAGTTTCAGTTTCATTTTTCTTGTTCTATTACAACTTTTTTTACTT
CTTGTTCATTAGAAAGAAAGCATAGCAATCTAATCTAAGGGGCGel[eIpeTNe. VN R vy (e [eclcleny VX VA PN (e cle[eny PXCH VA
GGTCGAGTTCTGGACCGACCGGCTCGGGTTCTCCCGGGACTTCGTGGAGGACGACTTCGCCGGTGTGGTCCGGGACGACGTGA
CCCTGTTCATCAGCGCGGTCCAGGACCAGGTGGTGCCGGACAACACCCTGGCCTGGGTGTGGGTGCGCGGCCTGGACGAGCTG

6GGGCGGGAGTTCGCCCTGCGCGACCCGGCCGGCAACTGCGTGCACTTCGTGGCCGAGGAGCAGGACIERCACGTCCGACGG
GCCCTCCCCCCACATCCGCTCTAACCGAAAAGGAAGGAGTTAGACAACCTGAAGTCTAGGTCCCTATTTATTTTTTTATAGTTATG
LceprerervXclc pnnieicierXeciey fecy.vXclclo R VYA RRLCI®VXCI®IG GAGACCAACATGTGAGCAAAAGGCCAGCAAAAGGC
CAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAG
TCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACC
CTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCACGCTGTAGGTATCTCAGTTC
GGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGT
CTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGG
CGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCC
AGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCA
GCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTC
ACGTTAAGGGATTTTGGTCATGAGATC
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BlpI (s88)

Nsil (677)

(4147) Pcil BstXI (706)

(4058) Mlul
(4051) BsrGI -

/__Mfel (s64)
~~ HindIII (872)
BStBI (933)

(3884) EcoRY - J§

(3850) Stul* /

(3842) KfII ——f

(3799) Dralll —_[f
Psil (1136)

T alpha-factor primer {1144 .. 1164)

—— PaeR7I - Xhol (1184)
Pstl (1210)
Nhel (1211)
BmtI (1215)

(3722) Fsel —

pPICZ alpha B-CHIg-hE-6xHis Avi
4876 bp

(3560) Sgral
(3492) Aatil |\
(3490) Zral -
(3482) BssHII - MauBI
(3444) Ncol

BbvCI (1748)

o
5XZ:C epitope
(3019) BtgZl | Avitag

(2960) BamHI

(2845) Pwull / m
(2811) BSiWI \ Hpal (2043)

(2706 .. 2726) 3' AOX1 primer | PSPOMI* (2133)
(2679) Agel \ Apal* (2137)
(2554) Xbal \ Bsu361 (2265)
{2502) Sacll Btsal (2288)
(2496) Notl

Appendix 5: A map of the pPICZ alpha B-CHIg-hE-6xHis/ Avi plasmid

Keys:

alpha-factor signal peptide TEF1 promoter -
IAOX1 transcription terminator CYC1 transcription terminato AOX1 promoter

PUC origin _ EM7 promoter

Plasmid sequence:

AGATCTAACATCCAAAGACGAAAGGTTGAATGAAACCTTTTTGCCATCCGACATCCACAGGTCCATTCTCACACATAAGTGCCAA
ACGCAACAGGAGGGGATACACTAGCAGCAGACCGTTGCAAACGCAGGACCTCCACTCCTCTTCTCCTCAACACCCACTTTTGCCA
TCGAAAAACCAGCCCAGTTATTGGGCTTGATTGGAGCTCGCTCATTCCAATTCCTTCTATTAGGCTACTAACACCATGACTTTATT
AGCCTGTCTATCCTGGCCCCCCTGGCGAGGTTCATGTTTGTTTATTTCCGAATGCAACAAGCTCCGCATTACACCCGAACATCACT
CCAGATGAGGGCTTTCTGAGTGTGGGGTCAAATAGTTTCATGTTCCCCAAATGGCCCAAAACTGACAGTTTAAACGCTGTCTTGG
AACCTAATATGACAAAAGCGTGATCTCATCCAAGATGAACTAAGTTTGGTTCGTTGAAATGCTAACGGCCAGTTGGTCAAAAAG
AAACTTCCAAAAGTCGGCATACCGTTTGTCTTGTTTGGTATTGATTGACGAATGCTCAAAAATAATCTCATTAATGCTTAGCGCAG
TCTCTCTATCGCTTCTGAACCCCGGTGCACCTGTGCCGAAACGCAAATGGGGAAACACCCGCTTTTTGGATGATTATGCATTGTCT
CCACATTGTATGCTTCCAAGATTCTGGTGGGAATACTGCTGATAGCCTAACGTTCATGATCAAAATTTAACTGTTCTAACCCCTAC
TTGACAGCAATATATAAACAGAAGGAAGCTGCCCTGTCTTAAACCTTTTTTTTTATCATCATTATTAGCTTACTTTCATAATTGCGA
CTGGTTCCAATTGACAAGCTTTTG A'ITI'I'AACGACTITI'AACGACAAC'I'I'GAGAAGATCAAAAAACAACTAA'I'I'A'I'I'CGAAACG
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|

AGATTTCCTTCAATTTTTACTGCTGTTTTATTCGCAGCATCCTCCGCATTAGCTGCTCCAGTCAACACTACAACAGAAGATGAAA|

(@)

GGCACAAATTCCGGCTGAAGCTGTCATCGGTTACTCAGATTTAGAAGGGGATTTCGATGTTGCTGTTTTGCCATTTTCCAACAG

|

ACAAATAACGGGTTATTGTTTATAAATACTACTATTGCCAGCATTGCTGCTAAAGAAGAAGGGGTATCTCTCGAGAAAAGAGA

EJAETEEIGCAGCTAGCACACAGAGCCCATCCGTCTTCCCCTTGACCCGCTGCTGCAAAAACATTCCCTCCAATGCCACCTCC

CACAGACCGTCCAGCGAGCGGTGTCTGTARATCCCGGTARAGCGGCCGCGGGTCTGAACGACATCTTCGAGGCTCAGAAAATC
GAATGEEACGARGE G CTc A GAACAARAACTCATCICAGAAGAGGATICIG A ATAGCGCCGTCGACHATCATOATCATOATCAT
TGAGTTTGTAGCCTTAGACATGACTGTTCCTCAGTTCAAGTTGGGCACTTACGAGAAGACCGGTCTTGCTAGATTCTAATCAAGA

GGATGTCAGAATGCCATTTGCCTGAGAGATGCAGGCTTCATTTTTGATACTTTTTTATTTGTAACCTATATAGTATAGGATTTTTTT
TGTCATTTTGTTTCTTCTCGTACGAGCTTGCTCCTGATCAGCCTATCTCGCAGCTGATGAATATCTTGTGGTAGGGGTTTGGGAAA
ATCATTCGAGTTTGATGTTTTTCTTGGTATTTCCCACTCCTCTTCAGAGTACAGAAGATTAAGTGAGACCTTCGTTTGTGCGGATC

ICCCACACACCATAG CTTCAAAATGTTTCTACTCCTTTTTTACTCTTCCAGATTTTCTCGGACTCCGCGCATCGCCGTACCACTTCAA
AACACCCAAGCACAGCATACTAAATTTTCCCTCTTTCTTCCTCTAGGGTGTCGTTAATTACCCGTACTAAAGGTTTGGAAAAGAAA
AAAGAGACCGCCTCGTTTCTTTTTCTTCGTCGAAAAAGGCAATAAAAATTTTTATCACGTTTCTTTTTCTTGAAATTTTTTTTTTTAG
TTTTTTTCTCTTTCAGTGACCTCCATTGATATTTAAGTTAATAAACGGTCTTCAATTTCTCAAGTTTCAGTTTCATTTTTCTTGTTCTA
TTACAACTTTTTTTACTTCTTGTTCATTAGAAAGAAAGCATAGCAATCTAATCTAAGGGGCGCI[CIRICTN@.V N RV VN (e [elclcen)

AGTATATCGGCATAGTATAATACGACAAGGTGAGGAACTAAACCATGGCCAAGTTGACCAGTGCCGTTCCGGTGCTCACCGCG

CGACGTCGCCGGAGCGGTCGAGTTCTGGACCGACCGGCTCGGGTTCTCCCGGGACTTCGTGGAGGACGACTTCGCCGGTGT!

[a)
[0)

[a)

TCCGGGACGACGTGACCCTGTTCATCAGCGCGGTCCAGGACCAGGTGGTGCCGGACAACACCCTGGCCTGGGTGTGGGTGC

(@)
G)

GGCCTGGACGAGCTGTACGCCGAGTGGTCGGAGGTCGTGTCCACGAACTTCCGGGACGCCTCCGGGCCGGCCATGACCGAGA

—

CGGCGAGCAGCCGTGGGGGCGGGAGTTCGCCCTGCGCGACCCGGCCGGCAACTGCGTGCACTTCGTGGCCGAGGAGCAGGA

[FACACGTCCGACGGCGGCCCACGGGTCCCAGGCCTCGGAGATCCGTCCCCCTTTTCCTTTGTCGATATCATGTAATTAGTTA

TCACGCTTACATTCACGCCCTCCCCCCACATCCGCTCTAACCGAAAAGGAAGGAGTTAGACAACCTGAAGTCTAGGTCCCTATT]

||E

[TATTTTTTTATAGTTATGTTAGTATTAAGAACGTTATTTATATTTCAAATTTTTCTTTTTTTITCTGTACAGACGCGTGTACGCATGTA
[ACATTATACTGAAAACCTTGCTTGAGAAGGTTTTGGGACGCTCGAAGGCTTTAATTTGCAAGCT(CICINCINS @ VS N [CRECTACIOLV:
AAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACA
AAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGC
GCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCACGC
TGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCT
TATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCA
GAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCT
GCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTT
TTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCA



Spel (56)

SnaBI (397)

Eco53kI (623)
Sacl (625)

BIpI (858)

BsmBI (941)

Mscl (1096)
_~Primer 2 (1164 ., 1193)
™ Pmel (1168)

. EcoRI (1226)
~ EcoRY (1234)

(4021) NmeAIIl —

(3945) Fspl —
(3926) Pstl

pTT5-hIgG1-Fc-6xHis/Avi
5176 bp

S —— Pfol (1353)

(3799) Pvul ~ BmgBI (1388)

" Sacll (1467)
EcoNI (1521)

SexAl* (1675)

Aarl (1828)
BspQI - SapI (1902)

[BxHis

Eagl - Notl {2002)
PspXI (2008)
W= Primer 1 (1980 .. 2009)

NgOMIV (2014)
Nael (2016)

Sfil (2020)

BamHI (2026)
BspDI* - Clal* (2174)

(3363) Sspl

Appendix 6: A map of the pTT5-hlgG1-Fc-6xHis/Avi plasmid

Keys:

IL-2 signal peptide B-globin poly(A) _ Ampicillin R
pMB1ori CMV enhance enh MLP IgG Fc mutations sites|
OriP _ Tripartite Leader sequence (TPL)

Plasmid sequence:

GTACATTTATATTGGCTCATGTCCAATATGACCGCCATCRICI N RNy A NPVl Y.y (e vy g yateclelelc]

CGGTTTTGGCAGTACACCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGG

[COVAEE TAGGCTGAGCACCGTGGCGGGCGGCAGCGGGTGGCGGTCGGGGTTGTTTCTGGCGGAGGTGCTGCTGATGATGTAA
TTAAAGTAGGCGGTCTTGAGACGGCGGATGGTCGAGGTGAGGTGTGGCAGGCTTGAGATCCAGCTGTTGGGGTGAGTACTCCC
TCTCAAAAGCGGGCATTACTTCTGCGCTAAGATTGTCAGTTTCCAAAAACGAGGAGGATTTGATATTCACCTGGCCCGATCTGGC
CATACACTTGAGTGACAATGACATCCACTTTGCCTTTCTCTCCACAGGTGTCCACTCCCAGGTCCAAGTTTAAACAYKCIIA®NCEIEr

GCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACGAATTCGINENIecIcleoNIcapiNcINer - -« o o ]
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GGAAGGACATATGGGAGGGCAAATCATTTGGTCGAGATCCCTCGGAGATCTCTAGCTAGAGGATCGATCCCCGCCCCGGACGA
ACTAAACCTGACTACGACATCTCTGCCCCTTCTTCGCGGGGCAGTGCATGTAATCCCTTCAGTTGGTTGGTACAACTTGCCAACTG
AACCCTAAACGGGTAGCATATGCTTCCCGGGTAGTAGTATATACTATCCAGACTAACCCTAATTCAATAGCATATGTTACCCAAC

TCGCTGAGAGCACGGTGGGCTAATGTTGCCATGGGTAGCATATACTACCCAAATATCTGGATAGCATATGCTATCCTAATCTATA
TCTGGGTAGCATAGGCTATCCTAATCTATATCTGGGTAGCATATGCTATCCTAATCTATATCTGGGTAGTATATGCTATCCTAATT
TATATCTGGGTAGCATAGGCTATCCTAATCTATATCTGGGTAGCATATGCTATCCTAATCTATATCTGGGTAGTATATGCTATCCT
AATCTGTATCCGGGTAGCATATGCTATCCTAATAGAGATTAGGGTAGTATATGCTATCCTAATTTATATCTGGGTAGCATATACTA
CCCAAATATCTGGATAGCATATGCTATCCTAATCTATATCTGGGTAGCATATGCTATCCTAATCTATATCTGGGTAGCATAGGCTA
TCCTAATCTATATCTGGGTAGCATATGCTATCCTAATCTATATCTGGGTAGTATATGCTATCCTAATTTATATCTGGGTAGCATAG
GCTATCCTAATCTATATCTGGGTAGCATATGCTATCCTAATCTATATCTGGGTAGTATATGCTATCCTAATCTGTATCCGGGTAGC
ATATGCTATCCTCATGATAAGCTGTCAAACATGAGAATTAATTCTTGAAGACGAAAGGGCCTCGTGATACGCCTATTTTTATAGG

TAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTYICTAYCIr:

CGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTGACGCCGGGCAAGAG(

GAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATAC

GTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTA
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CCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATC
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Spel (56)

PaeR7I - Xhol (818)
BlpI (358)

(4407) AhdI
Mscl (1096)

Alel (1108)

Primer 2 (1164 .. 1193)
(4260) NmeAIIl /_Pmel (1168)

" BsrGI (1174)

= ECORI (1226)

Primer 1 {1232 .. 1262)
EcoRY (1234)

(4184) Fspl — _
(4165) Pstl

pTT5-1gE Fc (2-4)Phe229 -6xHis/Avi

(4038) Pvul 5415 bp

"~ BbvCI (1452)

~— NgoMIV (1579)
Nael (1581)

SexAl* (1674)
PFIFI - Tth111I (1676)
Hpal (1747)
Xcml (1766)
~_ PspOMI* (1837)
Apal* (1841)

BStAPI (1991)
Pfol (2011)

(BHiS)

BamHI (2265)
Primer 3 (2244 .. 2270)

BspDI* - Clal* (2413)

Appendix 7: A map of the pTT5-IgE Fc (2-4)Phe229 -6xHis/Avi plasmid

Keys :

IL-2 signal peptide B-globin poly(A) _ Ampicillin R
pMB1lori CMV enhance enh MLP IgG Fc mutations sites|
OriP _ Tripartite Leader sequence (TPL)

Plasmid sequence :

GTACATTTATATTGGCTCATGTCCAATATGACCGCCATRICN RN R X R Cl vy (e vy g yatecielelc]

CGGTTTTGGCAGTACACCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGG
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AGCTGTTGGGCTCGCGGTTGAGGACAAACTCTTCGCGGTCTTTCCAGTACTCTTGGATCGGAAACCCGTCGGCCTCCGAACGG

IACTCCGCCACCGAGGGACCTGAGCGAGTCCGCATCGACCGGATCGGAAAACCTCTCGAGAAAGGCGTCTAACCAGTCACAGT(

[)

(@ XC[6 TAGGCTGAGCACCGTGGCGGGCGGCAGCGGGTGGCGGTCGGGGTTGTTTCTGGCGGAGGTGCTGCTGATGATGTAA
TTAAAGTAGGCGGTCTTGAGACGGCGGATGGTCGAGGTGAGGTGTGGCAGGCTTGAGATCCAGCTGTTGGGGTGAGTACTCCC
TCTCAAAAGCGGGCATTACTTCTGCGCTAAGATTGTCAGTTTCCAAAAACGAGGAGGATTTGATATTCACCTGGCCCGATCTGGC
CATACACTTGAGTGACAATGACATCCACTTTGCCTTTCTCTCCACAGGTGTCCACTCCCAGGTCCAAGTTTAAACAYICIAY®NCEIEr

GCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACGAATTCGINPNI®E (1 oo cocic o]

=]
[q)
>
[q)
(]
[q)
[q]
(]
[g]

GCTCGAGGCCGGCAAGGCCGGATCCCCCGACCTCGACCTCTGGCTAATAAAGGAAATTTATTTTCATTGCAATAGTGTGTTGGA
ATTTTTTGTGTCTCTCACTCGGAAGGACATATGGGAGGGCAAATCATTTGGTCGAGATCCCTCGGAGATCTCTAGCTAGAGGATC
GATCCCCGCCCCGGACGAACTAAACCTGACTACGACATCTCTGCCCCTTCTTCGCGGGGCAGTGCATGTAATCCCTTCAGTTGGT
TGGTACAACTTGCCAACTGAACCCTAAACGGGTAGCATATGCTTCCCGGGTAGTAGTATATACTATCCAGACTAACCCTAATTCA
ATAGCATATGTTACCCAACGGGAAGCATATGCTATCGAATTAGGGTTAGTAAAAGGGTCCTAAGGAACAGCGATGTAGGTGGG
CGGGCCAAGATAGGGGCGCGATTGCTGCGATCTGGAGGACAAATTACACACACTTGCGCCTGAGCGCCAAGCACAGGGTTGTT
GGTCCTCATATTCACGAGGTCGCTGAGAGCACGGTGGGCTAATGTTGCCATGGGTAGCATATACTACCCAAATATCTGGATAGC
ATATGCTATCCTAATCTATATCTGGGTAGCATAGGCTATCCTAATCTATATCTGGGTAGCATATGCTATCCTAATCTATATCTGGG
TAGTATATGCTATCCTAATTTATATCTGGGTAGCATAGGCTATCCTAATCTATATCTGGGTAGCATATGCTATCCTAATCTATATCT
GGGTAGTATATGCTATCCTAATCTGTATCCGGGTAGCATATGCTATCCTAATAGAGATTAGGGTAGTATATGCTATCCTAATTTAT
ATCTGGGTAGCATATACTACCCAAATATCTGGATAGCATATGCTATCCTAATCTATATCTGGGTAGCATATGCTATCCTAATCTAT
ATCTGGGTAGCATAGGCTATCCTAATCTATATCTGGGTAGCATATGCTATCCTAATCTATATCTGGGTAGTATATGCTATCCTAAT
TTATATCTGGGTAGCATAGGCTATCCTAATCTATATCTGGGTAGCATATGCTATCCTAATCTATATCTGGGTAGTATATGCTATCC
TAATCTGTATCCGGGTAGCATATGCTATCCTCATGATAAGCTGTCAAACATGAGAATTAATTCTTGAAGACGAAAGGGCCTCGTG
ATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAA
CCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAA
VAV CICLVNCTYCRATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCA!

AAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAG

TCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTG

()

— ;>

GACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCA

—

CTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACA]

>

CGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGA

[0)

CTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGCAGCAATGGCAACAACGTTGCGCAAACTATTAACTG

[0)

CGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCG

[@)
G)

CCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCA!

>
()

TGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAG]

>

yraXcleprcel (oo T N RPN IO NN TAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAA
TTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGA
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CCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTAC

-TTTCCTGCGTTATCCCCTGATI'CTGTGGATAACCGTATI'ACCGCC'I'I'TGAGTGAG CTGATACCGCTCGCCGCAGCCGAACG
ACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGC
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(6107) AfIIII - Pcil Spel (58)
| SnaBI (397)

PaeR7I - Xhol (518)
BIpI (as8)

Mscl (1096)
(5072) NmeAIIl

(4996) Fspl
(4977) Pstl —

KasI (1235)

(4850) Pvul —

—— EcoNI (1508
pYDS-I1gG Fc-TEV-IQE Fc ¢ )
6227 bp
~ BsrGI (1623)
Nsil (1866)
Primer 1 (1871 .. 1891)

l/ / BspQl - Sapl (1889)
J/"~" Nhel (1922)
[/~ Bmtl (1926)

N
(496D dgl

(4414) SspI

_ Forward Primer (1867 .. 1993)
| BamHI (1967)

\ ‘F‘rlrﬂer3 (19
\ Primer 4 {198

BsmBI (2077)
BbvCI (2201)

PfIFI - Tth111I (2425)
Hpal (2496)
Xeml (2515)
AN PspOMI* (2586)
/ Apal* (2590)
BStAPI (2740)
Eagl - NotI (2949)
Xbal (3007)

Sall (3050)
Accl (3051)

(3152 7
(3049 ., 3079) Reverse Primer [6xHis|

(3076) EcoRY

Appendix 8: A map of the pYD5-lgG Fc-TEV-IgE Fc plasmid

IgGK signal peptide| B-globin poly(A) _ -
Ampicillin R pMB1lori CMV enhancer| enh MLP  OriP
TEV cleavage site _ Tripartite Leader sequence (TPL)

Keys :

Plasmid sequence :

GTACATTTATATTGGCTCATGTCCAATATGACCGCCATRICIN RN R X RV Cl vy e vy g yateclelelc]
CATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCG
GGCATTATGCCCAGTACATGACCTTACGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATG
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(@ XC[6 TAGGCTGAGCACCGTGGCGGGCGGCAGCGGGTGGCGGTCGGGGTTGTTTCTGGCGGAGGTGCTGCTGATGATGTAA

(@)

[a)

[)

TTAAAGTAGGCGGTCTTGAGCCGGCGGATGGTCGAGGTGAGGTGTGGCAGGCTTGAGATCCAGCTGTTGGGGTGAGTACTCCC
TCTCAAAAGCGGGCATGACTTCTGCGCTAAGATTGTCAGTTTCCAAAAACGAGGAGGATTTGATATTCACCTGGCCCGATCTGGC
CATACACTTGAGTGACAATGACATCCACTTTGCCTTTCTCTCCACAGGTGTCCACTCCCAGGTCCAAGTTTGCCGCCACCAYLEIEr

ACAGACACACTCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTTCCACTGGCEMMElel IO oo/ o/ o (e[ eleo/ e elchyclo)

()

GCTCCGTGATGCATGAGGCTCTGCACAACCACTACACGCAGAAGAGCCTCTCCCTGTCTCCCGGGAAAGCTAGCGGAGCCGGAA
COINYRGAAMACCTGTATTTTCAGGGGEIIE o

GGTARAGCGGCCGCGGGTCTGAACGACATCTTCGAGGCTCAGAAAATCGAATGGCACGAAGG TGCTCTAGAACAAAAACTCAT
ETCRGARGAGEATEIGAA TAGCGCCGTCGACERTCATCATCATCATCAT GATATCTGATCCCCCGACCTCGACCTCTGGCTAATA

AAGGAAATTTATTTTCATTGCAATAGTGTGTTGGAATTTTTTGTGTCTCTCACTCGGAAGGACATATGGGAGGGCAAATCATTTG
GTCGAGATCCCTCGGAGATCTCTAGCTAGAGCCCCGCCGCCGGACGAACTAAACCTGACTACGGCATCTCTGCCCCTTCTTCGCG
GGGCAGTGCATGTAATCCCTTCAGTTGGTTGGTACAACTTGCCAACTGAACCCTAAACGGGTAGCATATGCTTCCCGGGTAGTA
GTATATACTATCCAGACTAACCCTAATTCAATAGCATATGTTACCCAACGGGAAGCATATGCTATCGAATTAGGGTTAGTAAAAG
GGTCCTAAGGAACAGCGATGTAGGTGGGCGGGCCAAGATAGGGGCGCGATTGCTGCGATCTGGAGGACAAATTACACACACTT
GCGCCTGAGCGCCAAGCACAGGGTTGTTGGTCCTCATATTCACGAGGTCGCTGAGAGCACGGTGGGCTAATGTTGCCATGGGT
AGCATATACTACCCAAATATCTGGATAGCATATGCTATCCTAATCTATATCTGGGTAGCATAGGCTATCCTAATCTATATCTGGGT
AGCATATGCTATCCTAATCTATATCTGGGTAGTATATGCTATCCTAATTTATATCTGGGTAGCATAGGCTATCCTAATCTATATCTG
GGTAGCATATGCTATCCTAATCTATATCTGGGTAGTATATGCTATCCTAATCTGTATCCGGGTAGCATATGCTATCCTAATAGAGA
TTAGGGTAGTATATGCTATCCTAATTTATATCTGGGTAGCATATACTACCCAAATATCTGGATAGCATATGCTATCCTAATCTATA
TCTGGGTAGCATATGCTATCCTAATCTATATCTGGGTAGCATAGGCTATCCTAATCTATATCTGGGTAGCATATGCTATCCTAATC
TATATCTGGGTAGTATATGCTATCCTAATTTATATCTGGGTAGCATAGGCTATCCTAATCTATATCTGGGTAGCATATGCTATCCT
AATCTATATCTGGGTAGTATATGCTATCCTAATCTGTATCCGGGTAGCATATGCTATCCTCACGATGATAAGCTGTCAAACATGAG
AATTAATTCTTGAAGACGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCA
GGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACA
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ATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTNICXC VN RI@.VXe N pafeeciciieclecoy e R RRunic

CGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGE

TTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAA|

AGTTCTGCTATGTGGCGCGGTATTATCCCGTGTTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGA

TTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCA

[a)

[} [a)

AGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGA
TCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGCAG
GATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTG
TATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGIRRIE Iy

ATACTTTAGATTGATTTAAAACTTCA TAATTTAAAAGGATCTAGGTGAAGATCCT GATAATCTCATGACCAAAATCCCT

TAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAG RANAGATCANAGGATCITCIIGAGATCCTTIIINICIGCGOGTAAT

(@)

[a)
[0)

ECGTCeiGEeeTTGeIGGeCTGeICACATGINGE T TCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTT

GAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGC
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