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by 
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Clinically, cancer immunotherapy treatments which use monoclonal antibodies (mAbs) to 
augment adaptive immunity have largely focussed on blocking inhibitory receptors such as 
PD-1. To be fully activated, T cells need activating signals and recent evidence shows this 
to be lacking in a tumour environment. Tumour necrosis factor receptor superfamily 
(TNFRSF) members are key co-stimulators of T cells and require high level clustering for 
initiation of signalling. Agonist anti-TNFR mAbs have been used to improve the adaptive 
immune response but they require cross-linking by Fc gamma receptors (FcγR) to induce 
clustering of the target receptor. However, the availability of FcγRs in certain tissues can be 
limiting. CD27 is a co-stimulatory TNFRSF member expressed constitutively on T cells. We 
have sought to develop a multimeric CD27 ligand, CD70, to bypass the requirement for 
FcγRs. We developed a co-stimulatory recombinant protein consisting of three CD70 
extracellular domains as a single chain, fused with the hinge, CH2 and CH3 domains of 
mouse IgG1 Fc to facilitate improved stability in circulation. This single chain mouse CD70-
m1 (scmCD70-m1) protein was expressed stably in CHO-K1S cells. The protein was 
expressed as a dimer-of-trimer but additional oligomeric structures were noted. The 
homogeneous dimer-of-trimer form was isolated and shown to interact with recombinant 
mouse CD27. The protein also promoted in vitro T-cell activation and proliferation in 
combination with T cell receptor (TCR) stimulation, but not when given in the absence of 
the TCR signal. Similarly, when given in vivo with OVA257-264 peptide, scmCD70-m1 
significantly promoted the expansion of adoptively transferred OVA-specific T cells and 
contributed to memory T-cell differentiation.  Importantly, and unlike anti-CD27 mAb, this 
expansion was independent of FcγRIIB. Despite these promising results however, 
scmCD70-m1 was rapidly cleared from the circulation due to the presence of high 
oligomannose-type glycans on the protein. Enzymatic removal of the oligomannose 
residues significantly improved the in vivo half-life and the ability of scmCD70-m1 to 
enhance in vivo expansion of antigen-specific T cells. Furthermore, a version of scmCD70-
m1 lacking FcγR engagement, scmCD70-mm1, could stimulate in vivo expansion of antigen 
specific T cells purely based on dimer-of-trimeric interactions after enzymatic removal of 
oligomannose residues. However, the activity induced by scmCD70-m1 was higher than 
scmCD70-mm1 as scmCD70-m1 protein could receive FcγR engagement which further 
enhanced its activity. The enzyme-treated versions of both scmCD70-m1 and scmCD70-
mm1 proteins were highly efficacious in the B-cell lymphoma model (BCL1). These data 
reveal that rationally-designed natural ligands can be more active than co-stimulatory mAbs 
and have the advantage of not requiring additional cross-linking by FcγRs.  
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Chapter 1  Introduction  
 

1.1 The Immune System  
 

The immune system is the defence mechanism of a host organism against infection. Its tight 

regulation is critical to prevent pathology since immunosuppression increases the likelihood 

of chronic infection and tumour development whereas aberrant immune cell activation can 

result in autoimmunity (1). There are two arms of the immune system. The innate arm is the 

first line of defence to be activated (1, 2). The second arm is the adaptive immune system 

which takes longer to become fully activated but has the capacity to adapt to an evolving 

infection and can develop immunological memory to enable a quicker response in the case 

of a secondary infection (1, 2).  

 

1.2 Innate Immune system 
 

The innate immune system includes cell types such as neutrophils, macrophages, dendritic 

cells (DC), mast cells, eosinophils and basophils. Cells of the innate immune system 

recognise pathogen associated molecular patterns (PAMPs) through germline encoded 

pattern recognition receptors (PRR) which leads to a series of activation events culminating 

in the development of an inflammatory response (3). Depending on the cell type, activation 

of PRRs can initiate phagocytosis (by e.g. macrophages) or promote antigen presentation 

(by e.g. DCs) (2). Antigen presenting cells (APCs) are key to the activation of adaptive 

immunity and include DCs, macrophages and B cells. The dominant APCs are DCs which, 

once loaded with antigen and suitably activated, migrate to secondary lymphoid organs (the 

spleen and lymph nodes (LN)) to interact with cells of the adaptive immune system (1, 4).  

 

1.3 Adaptive Immune System  
 

The adaptive immune system is also known as the acquired immune system and generates 

immunological memory which enables a rapid response during secondary encounter with 

the same pathogen (1, 2, 4). Cells of the adaptive immune system are either B or T 

lymphocytes. B and T cells possess cell surface receptors called the B cell receptor (BCR) 

and T cell receptor (TCR) respectively, which are specific for appropriately presented 

antigen or antigen-derived peptides. These receptors undergo gene rearrangement such 
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that each B and T cells express unique receptors thereby enabling the development of a 

broad resting B and T cell pool (1, 4).  

 

1.4 T cell development and maturation 
 

T cells develop from Hematopoietic stem cell (HSC) that differentiate in the bone marrow 

(BM) until the thymic-seeding progenitor (TSP) stage at which point the cell then exits the 

BM and travels to the thymus (5). TSPs develop into CD4+ and CD8+ T cells in the thymus 

and thus the term ‘T’. Initially, progenitor cells differentiate into double negative (DN) 

thymocytes (Fig. 1.1)  which lack both CD4 and CD8 molecules and are characterised by 

cell surface expression of CD25 and CD44 (6). Subsequent differentiation into early T cell 

progenitors, called DN1 cells, is associated with the profile CD44+CD25-. DN1 cells are 

found in the corticomedullary junction of the thymus and still have myeloid potential where 

they can differentiate into natural killer (NK) and DCs. DN1 cells migrate towards the 

subcapsular zone of the cortex and differentiate into DN2 cells (CD44+CD25+), subsequent 

to receiving stimulatory signals from fibroblasts and thymic epithelial cells (TEC) (5, 6). 

Gene rearrangement of the TCRβ chain starts in the DN2 stage but it is completed in the 

DN3 (CD44-CD25+) stage in the subcapsular zone where the cell becomes committed to 

developing into a T cell. In these early stages of differentiation, Notch signalling plays an 

important role in driving the T-cell lineage differentiation. At the DN3 stage, and after 

successful rearrangement of the TCRβ chain, a functional pre-TCR complex consisting of 

the TCRβ chain, CD3 chains and pre-Tα chain is formed and expressed on the cell surface 

(7). Signals through the pre-TCR complex, drive further differentiation whereas cells with 

no TCRβ expression are directed for apoptosis which is a process known as β-selection 

(Fig. 1.1) (6). At this DN4 (CD44-CD25-) stage, cells start migrating towards the medulla 

and upregulate CD8 and CD4 to become double positive (DP) cells. DP cells then rearrange 

their TCRα chain and a functional αβ TCR is formed. DP cells then undergo a positive 

selection process (Fig. 1.1) where self-antigenic peptide-MHC complexes are presented by 

the APCs in the thymus and only DP cells with intermediate or low avidity are selected to 

survive (5, 6). Cells with no recognition of peptide-MHC complexes die as they don’t receive 

further stimulation to drive their development. The surviving cells migrate into the medulla 

by C-C chemokine receptor 7 (CCR7) driven chemokine trafficking and become single 

positive (SP) by downregulation of either CD4 or CD8 (6). The SP cells then undergo a 

negative selection process (Fig. 1.1) in which cells with high avidity for self-antigen-MHC 

complexes undergo apoptosis. This process prevents the generation of self-reactive T cells 



Chapter 1  

3 
 

(8). The surviving mature T cells then upregulate expression of sphingosine-1-phosphate 

receptor 1 (S1P1) that is required for emigration from the thymus into the circulation (9).  

 

Mature T cells can be divided into those expressing CD4 or CD8 on the cell surface. CD4+ 

T cells recognise their antigen presented on major histocompatibility complex (MHC) II 

molecules presented largely by APCs whereas CD8+ T cells recognise their antigen 

presented on MHC I molecules (detailed below).  

 

 

Figure 1.1. T-cell development in thymus. The stages from TSP to differentiation into 
single positive CD4+ or CD8+ T cells are illustrated. Some of the transcription factors 
involved in different stages of the development process are indicated. TSP; thymic-seeding 
progenitor, DN; double negative, DP; double positive, SP; single positive. Blue box; CD8 
molecule, orange box; CD4 molecule. Figure adapted from (6).  
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1.4.1 CD4+ T cells 
 

Upon recognition of antigen and appropriate co-stimulation (see below), naive CD4+ T cells 

can become activated and differentiate into effectors by clonal expansion. CD4+ T cells can 

differentiate into different subsets mainly depending on their cytokine profile. CD4+ T cell 

subtypes include T helper 1 (Th1), Th2, Th17, follicular helper T cells (Tfh) and regulatory 

T cells (Treg) (10). All the subtypes except Tregs are involved in the fight against infections 

whereas Tregs regulate the activity of effector cells in the periphery (10, 11).  

 

Effector CD4+ T cells are also known as ‘helper’ T cells and these can be important in the 

licensing of DCs by CD40-CD40L signalling. Licensed DCs are more potent at priming CD8+ 

T cells and stimulation of CD8+ T cells by licensed DCs contributes to both initial expansion 

of effector cytotoxic T lymphocytes (CTLs) and also effective formation of memory CTLs 

(12, 13).  

 

1.4.2 CD8+ T cells 
 

Naïve CD8+ T cells can differentiate into CTLs after recognition of antigen-MHC I complexes 

presented by APC and receiving optimal co-stimulatory interaction. CTLs can then initiate 

target cell killing on interaction with a target cell expressing the same peptide-MHC 

complex. Upon interaction, granules from CTLs fuse with the target cell membrane and 

release proteins such as perforin and granzymes that enter the target cell and initiate 

apoptosis (4). During prolonged stimulation such as in chronic infections and cancer, CD8+ 

T cells can undergo a gradual loss of effector function and enter into a dysfunctional state 

known as exhaustion (14). Exhausted T cells upregulate the expression of inhibitory 

receptors such as programmed death receptor-1 (PD-1) and change their transcriptional 

state (14, 15).  

 

1.4.3 Overview of T-cell activation and differentiation 
 

The full activation of T cells (both CD4+ and CD8+) requires three different signals. Signal 1 

follows the recognition of a peptide-MHC complex by the TCR. Signal 2 follows from co-

stimulatory interactions between the T cell and an activated APC and signal 3 comes from 

cytokines in the local environment (16-18). Once all three signals have been received, T 
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cells undergo a rapid expansion phase contributing to generation of a large effector T-cell 

pool. Activation of T cells usually occurs in the lymphoid organs and after rapid expansion, 

CD8+ T cells migrate into the periphery. Activated CD8+ T cells differentiate into different 

effector populations, the majority being short lived effector T cells (SLEC) 

(CD127lowKLRG1hi) and a small subpopulation of memory precursor effector cells (MPEC) 

(CD127hiKLRG1low) which are characterised by the expression of IL-7 receptor α (CD127) 

and killer cell lectin like receptor G1 (KLRG1) (19).   

 

1.4.3.1 Peptide-MHC complex – TCR interaction: Signal 1 
 

The first signal for T-cell activation comes from peptide-MHC interacting with a TCR. This 

requires the antigens to be processed and broken down into small peptide sequences 

before being presented with MHC on an APC cell surface. MHC molecules are highly 

polymorphic which enables them to bind a wide range of peptide sequences (20). 

Endogenous antigens can come from self-proteins, viruses or from neo-antigens generated 

by cancer cells and are largely processed via a large catalytic complex called the 

proteasome to generate peptides suitable for MHC I binding. Once peptides are generated, 

they are transferred into the endoplasmic reticulum (ER) from the cytoplasm by the 

transporter associated with antigen processing (TAP) (21).  MHC I molecules bind to 

antigens that are 8-11 amino acids in length (20, 22). However the translocated peptides 

can be much longer and an aminopeptidase, ER aminopeptidase-1 (ERAP-1), present in 

the ER can further process the peptides to the appropriate lengths required for MHC I 

interaction (23). After a peptide has bound to an MHC I molecule with high affinity, the 

peptide-MHC I complex is transported from the ER to the cell surface (20). 

 

In contrast, exogenous, endocytosed, antigens are usually cleaved by lysosomal proteases 

and preferentially bind MHC II (20). Antigens for MHC II binding can be internalized via 

various mechanisms such as endocytosis, micropinocytosis and phagocytosis. After 

internalization, the antigen is transferred into the endosome where it is processed and 

loaded onto MHC II molecules as a 13-17 amino acids long peptide (24). MHC II molecules 

are generated in the ER and transferred into the endosome. After antigen loading, the 

antigen-MHC II complex is trafficked onto the cell surface (20).  
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Some DCs have the ability to present peptides derived from exogenous antigens on MHC I 

molecules in a process known as cross-presentation. The internalized antigen can be 

processed either via the endosomal or proteasomal pathways. Cross-presentation can 

contribute to the generation of immune tolerance to self-antigens and also to the generation 

of an immune response towards pathogens (25, 26).  

 

 

Figure 1.2. Representation of TCR complex interaction with peptide-MHC and 
downstream signalling. The structure of MHC I with the alpha chain comprising three 
domains (labelled α), linked to beta 2 microglobulin (shown by β) with bound peptide is 
presented. The canonical TCR is comprised of an alpha chain (α), a beta chain (β) and a 
CD3 complex comprising six chains (γ, ζ, δ, ε). Intracellular ITAM motifs on CD3 domains 
are indicated on the cytoplasmic tails. Position of the disulphide bond between the TCR α 
and β chains is also indicated (black line). The CD8 molecule interacts with Lck with its 
cytoplasmic domain and activates it. Activated Lck phosphorylates the ITAM motifs on CD3 
chains leading to recruitment of ZAP70 which initiates a cascade of events (as illustrated 
on the figure and detailed in text) leading to activation of downstream pathways such as 
NF-κB and NFAT pathways.  
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Once a peptide-MHC complex reaches the cell surface, an appropriate T cell recognises 

the target antigen via its TCR. The TCR itself is a heterodimer made up of α and β subunits 

which are held together by a disulphide bond (Fig. 1.2) (27, 28). The peptide-MHC complex 

binding groove of the TCR consists of three complementary determining regions (CDR) that 

together determine specificity (29). In addition to the peptide-MHC recognition subunits, the 

TCR co-localises with the CD3 complex which consists of four subunits, γ, δ, ε and ζ, 

responsible for signal transduction (Fig. 1.2) (27). Once the TCR is triggered by peptide-

MHC interaction, signalling is initiated by recruitment and activation of protein tyrosine 

kinases (PTK) of the Syk, Src and Tec families (27, 30, 31). The extracellular region of the 

CD4/CD8 co-receptor on the T-cell surface, interacts with the non-variable portion of the 

MHC molecule while the cytoplasmic domain binds and activates Lck, belonging to the Src 

family (32). Activated Lck, phosphorylates the immunoreceptor tyrosine-based activation 

motifs (ITAM) on CD3 subunits of the TCR complex (33). Upon phosphorylation of the ITAM 

motifs, ZAP70, a member of the Syk family, becomes able to bind to the phosphorylated 

domains via its Src-homology 2 (SH2) domain which then itself becomes phosphorylated 

on its ITAM motif leading to its activation (27). Activated ZAP70 further phosphorylates 

linker of activated T cells (LAT) and SH-2 domain containing lymphocyte protein of 76000 

MW, (SLP76) (27, 34). These activated adapter molecules can act as scaffolds to recruit 

other proteins to the plasma membrane. For instance LAT recruits phospholipase C gamma 

1 (PLCγ1) to the plasma membrane, and once activated, PLCγ1 cleaves 

phosphatidylinositol 4, 5 biphosphate (PtdIns(4,5)P2) into inositol 1,4,5-triphosphate 

(Ins(1,4,5)P3) and diacylglycerol (DAG) which are crucial secondary messenger molecules 

for T-cell activation (30, 33, 34). DAG can induce the activation of proteins such as Ras 

guanyl-nucleotide-releasing protein (RasGRP) and protein kinase C (PKC) (27, 33). As the 

other secondary messenger molecule, Ins(1,4,5)P3 interacts with its receptors on the ER 

which leads to calcium (Ca2+) release from the ER into the cytosol. The release of Ca2+ from 

the ER induces opening of Ca2+  release activated Ca2+ channels (CRAC) on the plasma 

membrane (Fig. 1.2) which leads to a Ca2+ influx from the extracellular environment (33, 

35). Increased intracellular Ca2+ prevents the inhibitory activity of calmodulin and this 

induces the activation of calcineurin. Calcineurin is a phosphatase which activates the 

transcription factor nuclear factor of activated T cells (NFAT) by dephosphorylation (36) 

which is important for initiation of the transcription of genes such as interleukin-2 (IL-2), 

tumour necrosis factor-α (TNFα) and granulocyte-macrophage colony-stimulating factor 

(GM-CSF) (27, 33, 37).  
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IL-2 is an important cytokine for T-cell activation and proliferation. Another transcription 

factor activated during T-cell activation and which is also involved in IL-2 expression is 

nuclear factor kappa b (NF-κB) (38, 39). The adapter molecules activated by PTKs, such 

as LAT, recruit the phosphatidyl inositol 3-kinase (PI3K) to the plasma membrane where it 

becomes activated. Upon activation PI3K can activate the Akt/Protein kinase B pathway, 

leading to activation of NF-κB (27, 40).  

 

1.4.3.2 Co-stimulatory interaction between APC and T cell: Signal 2 
 

For effective generation of a T-cell response, co-stimulatory signalling is required in addition 

to TCR engagement with peptide-MHC (41). Stimulating T cells via the TCR in the absence 

of co-stimulation, generates unresponsive (anergic) T cells which are unable to proliferate, 

differentiate and secrete cytokines (42). Additionally, enforced co-stimulation of T cells with 

agonist mAb in the absence of TCR induction, does not cause T-cell activation (43, 44). 

This is important as it ensures that co-stimulation alone is insufficient to activate T cells in 

an antigen-independent manner. This also ensures that only T cells that are specific for a 

particular antigen are activated. 

 

There are many co-stimulatory receptors on T cells and these can be largely classified into 

two sub-groups. The first group is the CD28 family that consists of receptors such as CD28 

and inducible co-stimulator (ICOS). CD28 is the major co-stimulatory molecule expressed 

on T cells and it was one of the first to be identified. The early identification of co-stimulation 

came from the observation that simultaneous stimulation through the TCR and CD28 could 

drive dramatic increases in secretion of various cytokines including IL-2 (41, 45). 

Importantly, CD28 stimulation on its own did not cause any T-cell activation.  

 

CD28 interacts with its ligands CD80 and CD86 expressed on the APC cell surface. Ligands 

of CD28 are expressed at low levels on APCs under physiological conditions and are rapidly 

up-regulated after activation (46). Upon ligation with its ligand, in presence of TCR 

stimulation, CD28 signalling initiates entry of naïve T cells into cell cycle. The cell cycle 

regulators such as cyclin D2 and cyclin-dependent kinases (CDK) 4/6 are activated to drive 

progression through cell cycle but simultaneously CD28 signalling blocks the effects of CDK 

inhibitors (47). CD28 possesses two motifs (YMNM and PYAP) in its cytoplasmic domain 

which are involved in binding and activating downstream effector molecules. Upon CD28 
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activation, YMNM motif interacts with PI3K which in turn activates Akt. The Akt pathway 

then triggers the activation of transcription factors such as NF-κB, NFAT and activator 

protein 1 (AP-1) which initiate activation of several genes including IL-2 (47, 48). 

Simultaneously, PYAP domain interacts with Lck and GRB2 which further enhance nuclear 

translocation of NFAT to increase induction of IL-2 production. As well as up-regulating IL-

2 biosynthesis, CD28 signalling also up-regulates the expression of IL-2Rα chain to 

increase the responsiveness of the cells to IL-2. Activation of CD28 induces the up-

regulation of glucose transporter; Glut 1 which increases glucose uptake into the cells to 

increase energy production required during rapid proliferation (47). In addition to driving 

signals required for activation and proliferation, CD28 signalling promotes the survival of 

activated T cells by up-regulation of anti-apoptotic proteins such as Bcl-XL which makes the 

cells resistant to apoptosis (47, 48). 

 

The importance of CD28 in establishment of adaptive immunity has been studied in various 

pre-clinical studies. By using CD28 deficient mice, it has been shown that antigen specific 

T-cell response and T-cell differentiation were influenced. CD28 stimulation can promote 

the differentiation of CD4+ T cells into Th2 phenotype and this was impaired in CD28 

deficient mice. Additionally, Th2 CD4+ T cells are required for providing help for B cells to 

form germinal centres and this was also defective in CD28 deficient mice (17). In a study 

investigating CD4+ and CD8+ responses to influenza virus, blocking CD28 signalling 

impaired both CD4+ and CD8+ T-cell response with reduced expansion of virus specific 

CTLs (49). Cytotoxic activity of CD8+ T cells was also impaired. Similar results were 

observed in CD28 deficient mice where virus specific CTLs were reduced in response to 

influenza infection (50) indicating the importance of CD28 mediated co-stimulation in 

generating optimal T-cell responses. 

 

The second family of co-stimulators is the TNFRSF described in more detail in section 1.6 

below (p. 13). 

 

 

 

 

 



Chapter 1  

10 
 

1.4.3.3 Cytokine Stimulation: Signal 3 
 

Cytokines are also important to maximise T-cell activation. IL-2 was one of the first cytokines 

to be identified and its involvement in T-cell proliferation and maintenance are well 

established (47, 51). In addition to IL-2, inflammatory cytokine signalling can also enable T 

cells to undergo successful clonal expansion and differentiation (16, 18, 52). The first 

evidence for the requirement of inflammatory cytokines as a third signal came from an in 

vitro study showing that the ability of immobilized MHC peptide/protein complexes on 

microspheres and co-stimulation to enhance the activation of T cells was significantly 

improved by inclusion of IL-1, for CD4+ T cells, or IL-12, for CD8+ T cells (18).  

 

1.5 Effector mechanisms of activated CD8+ T cells 
 

Once activated and differentiated into an effector phenotype, CD8+ T cells change their cell 

surface expression of molecules that regulate their trafficking. The expression of CD62L (L-

selectin) and CCR7 are downregulated and other molecules such as; P-selectin ligand, E-

selectin ligand, CXCR3 and CCR5 are upregulated (53). These molecules direct the 

migration of effector CD8+ T cells into sites of infection after the CD8+ T cells migrate out of 

the lymph nodes by interaction between S1P1 and its ligand, S1P (53).   

 

After encountering a target cell, CTLs mainly induce target cell killing by two main 

mechanisms by maintaining cell to cell contact with the target. The first mechanism is the 

release of granules from the CTL to the target cell. Once the CTL recognises the peptide-

MHC I complex on the target cell, cellular contact is initiated and the granules secreted from 

the CTL fuse with the target cell membrane releasing contents which include molecules 

such as perforin and granzymes A and B (54). Perforin opens pores on the target cell 

membrane which allows the release of CTL granule contents into the target cell. Granzymes 

A and B are serine proteases which can activate caspase dependent and independent 

mechanisms to trigger apoptosis in the target cell. Granzyme B mainly induces apoptosis 

by cleaving caspases which leads to rapid cell death by apoptosis (55). Granzyme A 

activates mechanisms which are slower than Granzyme B triggered apoptosis. Granzyme 

A triggers a caspase-independent pathway by inducing a mechanism that leads to 

generation of single-stranded DNA nicks which forces the cell into apoptosis (55, 56). 
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The second mechanism of triggering apoptosis in the target cell is mediated by the 

interaction between Fas ligand (FasL) on a CTL and its receptor, Fas, on the target cell. 

FasL is upregulated on the CTL cell surface after recognition of the peptide-MHC I complex 

by TCR.  The Fas pathway activates caspases and cytochrome c release from mitochondria 

which drive apoptosis in the target cell (57). Additionally, CTLs release TNF-α and 

interferon-γ (IFN-γ) to mediate their effector functions. TNF-α functions as a pro-

inflammatory cytokine and can initiate apoptotic signalling (58). IFN-γ functions to activate 

other effector cells of the immune system such as neutrophils and macrophages and can 

also metabolically suppress the infected target cells (58).  

 

1.5.1 Memory CD8+ T cells 
 

After pathogen elimination, a dramatic contraction phase takes place where approximately 

95% of the generated CD8+ T cells are eliminated via apoptosis (59). The surviving 

pathogen-specific T cells differentiate into memory T cells that provide long term protection 

against subsequent pathogen challenge. The memory T-cell population can form a pool of 

antigen specific T cells which can be ~1000 fold higher than the frequency of naïve antigen 

specific T cells (60).  

 

The higher frequency and other features such as being present at multiple tissues around 

the body and being able to rapidly express effector molecules, enables the memory T cells 

to act quicker than the naïve population in the case of secondary antigen encounter (59). 

Memory cells can also start the cell division process earlier than naïve T cells. When naïve 

and memory CD8+ T cells were compared in vivo, the memory population showed an 

increase in cell size at 8 hrs and cell division started about 12 hrs post-immunisation. In 

contrast, the size of the majority of naïve cells remained unchanged up to 48 hrs and the 

first cell division was detected around 27 hrs post-immunisation (61, 62). Another study from 

the same group also demonstrated that memory CD8+ T cells had high levels of CDK 6 

activity and low level expression of the cell cycle inhibitor p27Kip1 which renders the 

memory CD8+ T cells in a pre-activated state and facilitates rapid activation after antigen 

encounter (63). Although memory cells do not require antigen exposure or TCR stimulation 

for maintenance, cytokines such as IL-7 and IL-15 are required for long term persistence 

and homeostatic turnover (59).  
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The memory T-cell pool is formed by different populations which have distinct properties in 

their tissue distribution, self-renewal and recall capacity for effector functions. The initial two 

subsets of memory CD8+ T cells identified were central memory T cells (Tcm) and effector 

memory T cells (Tem) which were classified based on their expression of CD62L (L-selectin) 

and CCR7 which are both required for homing into LNs (59, 64). Tcm cells (CD62L+ CCR7+) 

are largely localized in the LNs and spleen but Tem cells (CD62L- CCR7-) are largely localized 

in the non-lymphoid organs. During secondary stimulation, Tem cells have the ability to 

provide immediate effector function with high cytotoxicity against the target whereas Tcm 

cells lack immediate action but have proliferative capacity, can differentiate into CCR7- 

effector cells and can produce high levels of IL-2 (64, 65).  

 

Recently a new population of memory T cells has been identified based on the expression 

of CX3CR1. Expression of CX3CR1 at high levels was found to be another characteristic of 

Tem cells whereas Tcm cells lacked CX3CR1 expression. Another population with 

intermediate level of CX3CR1 however, was found to be distinct from both populations, 

being present in lymphoid tissues and these were classified as peripheral memory T cells 

(Tpm) (66). The Tpm population can migrate between tissues, lymphatics and blood 

circulation. They can also self-renew and give rise to Tcm cells in the absence of antigen 

and upon antigen encounter, they can differentiate into Tem cells (66). The other memory T-

cell population is tissue resident memory cells (Trm) which are found in certain tissues such 

as brain, skin, gut and lungs. These cells do not re-circulate in the body and their phenotypic 

profile includes expression of CD103 and CD69 (67, 68). These cells provide the first line 

of defence against pathogen invasion. 
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1.6 TNFRSF members 
 

In addition to members of the CD28 family (see section 1.4.3.2 above), TNFRSF members 

are important in providing co-stimulation (signal 2) for activation of T cells. TNFRSF 

receptors are type I transmembrane proteins with extracellular domains that are composed 

of a variable number of cysteine rich domains (CRDs) that form the ligand binding region 

(Fig. 1.3) (69). The family includes 30 members which can be classified into three different 

groups; decoy receptors (e.g. osteoprotegerin (OPG) and decoy receptor 1 (DcR1)), death 

domain (DD) containing receptors (e.g. Fas and TNF receptor 1 (TNFR-1)) and TNF 

receptor associated factor (TRAF) binding receptors (70-72).  

 

The TRAF binding receptors include CD40, OX40, 4-1BB, CD27, glucocorticoid-induced 

TNFR family related gene (GITR) and receptor activator of NF-κB (RANK) (70, 71). Many 

of the TNFRSF members on T cells are transiently expressed only after activation through 

the TCR e.g. 4-1BB is expressed after 12 to 24 hrs after stimulation of adoptively transferred 

T cells in vivo (73); in contrast other members of the family are constitutively expressed on 

resting T cells e.g. CD27 (74). The majority of TNFSF ligands are expressed as trimers on 

the cell surface of immune cells but soluble forms resulting from proteolytic cleavage can 

also be found (75, 76). TNFRSF receptors become activated upon multimerisation after 

engaging with specific ligands which are usually absent in health but are upregulated in 

response to inflammatory factors. This interaction can activate different signalling pathways 

resulting in survival, proliferation, apoptosis or differentiation (77). Signalling pathways are 

not identical downstream of all TNFRSF members but signals are often conferred following 

TRAF recruitment leading to JNK and NF-κB pathway activation (Fig. 1.4) (78). 4-1BB, 

OX40, GITR and CD27 are several members of the TNFRSF expressed on T cells that 

have been targeted in research studies and clinical trials (79-82). All of these receptors can 

contribute to the T-cell response during the primary activation. However, side-by-side 

comparisons of these receptors revealed that CD27 activation is more potent than other 

receptors in the primary activation of antigen specific CD8+ T-cells (83, 84). My PhD project 

focussed on targeting CD27 and therefore a more detailed description of CD27 follows.   
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Figure 1.3. Structures of selected TNFRSF members and their ligands. Selected 
members of the TNFRSF and their ligands are depicted. The ligands of the TNFSF are 
illustrated as homotrimers. The number of CRDs in the extracellular domains of TNFRSF 
receptors are indicated.  
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1.6.1 CD27 
 

CD27 is a disulphide-linked homodimer on T cells, NK cells and at a low level on subsets 

of B cells (85, 86). Although the majority of TNFRSF members are expressed only after 

immune cell activation, CD27 is unusual as it is expressed constitutively on T cells (79) and 

the expression level is upregulated after activation. The ligand for CD27, CD70, is 

expressed at low levels under physiological conditions but is elevated after immune cell 

activation on DC, B cells, T cells and NK cells (79, 87). CD27 interacts with TRAF2 and 

TRAF5 via an amino acid motif; PIQEDYR, leading to activation of TRAFs and downstream 

JNK and NF-κB signalling pathways (Fig. 1.4) (88).  

 

Stimulation of CD27 supports the clonal expansion of T cells. Signalling through CD27 

contributes to increased expression of anti-apoptotic protein Bcl-XL, reduced levels of FasL 

on CD4+ cells and reduced sensitivity of CD8+ T cells to FasL-stimulated apoptosis (89, 90). 

CD27 signalling also leads to upregulation of cytokine receptors such as IL-2Rα and IL-

12Rβ which increases sensitivity of the cells to cytokines (70, 91). Additionally, transcription 

factors AP-1, ERK, mitogen activated protein kinase (MAPK) and NFAT are activated, 

leading to production of cytokines including IL-2, IL-4, IL-5, IL-12 and IFN-γ (70, 91). Apart 

from supporting anti-apoptotic pathways and inducing cytokine production, CD27 activation 

has effects on metabolic pathways by improving the expression of Pim-1, a serine threonine 

kinase, which supports enhanced protein translation and aerobic glycolysis during the rapid 

expansion of activated T cells (79, 89, 92). Additionally, expression of chemokines such as 

XCL1 and CXCL10 (93) are induced, promoting the communication of T cells with APCs 

during priming which improves effector T-cell differentiation.  
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Figure 1.4. Interaction of CD27 with CD70 and downstream signal transduction.  
Trimeric cell surface CD70 (indicated in yellow) interacts with disulphide linked (black lines) 
dimeric cell surface CD27 (indicated in blue) which leads to initiation of signal transduction 
by recruitment of TRAF2/TRAF5 (indicated in orange and grey respectively). TRAF2/TRAF5 
activation initiates activation of downstream molecules leading to activation of NF-κB and 
JNK pathways as illustrated. NF-κB and JNK pathways induce expression of genes involved 
in survival and proliferation.  

 

The CD27-CD70 pathway induces the differentiation of CD4+ T cells into a Th1 type 

phenotype and CD8+ T cells into CTLs (79). The activation of naïve CD8+ T cells by 

activated DCs requires CD70. Additionally, the anti-tumour response generated by antigen 

and anti-CD40 immunisation requires CD70 and the activity achieved by anti-CD40 mAb 

can be recapitulated by anti-CD27 activity (94, 95). These data indicate that activation of 

naïve CD8+ T cells by CD40-licensed DCs, requires the presence of CD27 on CD8+ T cells. 
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Supporting this phenomenon, blocking CD27 signalling or using CD27-/- mice led to 

reduced expansion of CD8+ T cells during the primary response (96). The effector functions 

of CTLs are enhanced by CD27 signalling and secretion of IFNγ and cytotoxic capacity are 

improved. Expression of the transcription factor Eomesodermin (97) and cytokine IL-2 (98) 

are upregulated after CD27 stimulation. These in turn can stimulate increased production 

of IFNγ which is important for CTL activity (99). IL-2 is also important for the survival of 

activated CD8+ T cells in the periphery (98). Furthermore, CD27 signalling can enable T 

cells with low affinity TCR-antigen engagement to undergo clonal expansion and this leads 

to a broadened TCR repertoire of responsive T cells (100).   

 

Apart from the effects on effector functions, CD27 signalling is required for the 

establishment and secondary induction of memory T cells. Generation of memory T cells 

after infection with influenza requires CD27 (83). Generation of memory CD8+ T cell subsets 

is impaired in the absence of CD27 during the initial priming phase (101, 102). Preventing 

CD27 signalling in CTLs during the initial priming, impairs their capacity to expand during 

secondary stimulation and they become more prone to TRAIL-mediated apoptosis on 

secondary stimulation which resembles TRAIL-mediated activation induced cell death 

where CTLs are primed without the presence of helper T cells (96). During the secondary 

response, boosting mice with antigen and a soluble recombinant form of the CD27 ligand 

(sCD70), resulted in improved expansion and survival of the memory CD8+ T cells (87). 

Stimulation of memory CD8+ T cells with anti-CD40 mAb requires additional co-stimulatory 

signalling, especially through CD27/CD70 pathway. On the other hand, stimulation with 

antigen and CD27 alone can drive the expansion and survival of memory CD8+ T cells (87) 

suggesting that CD27/CD70 pathway can be sufficient for the secondary activation of 

antigen specific cells.  

 

CD27 co-stimulation during the priming of CD8+ T cells is critical for the expression of IL-

7Rα on effector CD8+ T cells which is important for the generation and the frequency of the 

memory pool (103, 104). After initial activation of TCR signalling, CD8+ T cells downregulate 

IL-7Rα expression but stimulation with CD27 induces re-expression of IL-7Rα which 

increases the memory precursor pool. Transcription of IL-7Rα is promoted by the 

transcription factor GA binding protein α (GABPα). Stimulation of CD8+ T cells with CD27 

leads to increased levels of GABPα which suggests that transcription of IL-7Rα is increased 

as a downstream consequence of CD27 stimulation (104).   
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In addition to driving expansion of memory cells, CD27 signalling activates pathways 

leading to protection from apoptosis, mirroring its effects on primed T cells. Stimulation of 

the memory pool with antigen alone or antigen in combination with sCD70, showed that the 

cells stimulated with sCD70 had lower levels of apoptotic markers such as Annexin V 

compared to the antigen only stimulated population (87). The pro-survival mechanisms 

activated by CD27 signalling during initial priming (detailed above) might also be activated 

during the expansion of the memory CD8+ T cells. Studies in which CD27 is manipulated to 

improve tumour therapy are discussed in a later section (section 1.10.6). 

 

1.6.1.1 CD27-CD70 deficiency 
 

It has been shown that deficiency in expression of CD27 can make individuals prone to 

development of Epstein-Barr virus (EBV)-driven lymphoproliferative disorders. Initially two 

individuals with CD27 deficiency were identified with persistent symptomatic EBV viremia 

and hypogammaglobulinemia (105). Detailed analysis of one of the individuals revealed 

inefficient CD8+ T-cell function and disturbed T-cell dependent B-cell responses. Although 

CD27 deficiency did not affect the differentiation and maturation of the CD8+ T cells and 

EBV-specific memory CD8+ T cells could be identified in the patient, the ability of those cells 

to produce IL-2 was impaired (105). CTLs are considered to be the main regulators of 

clearance of EBV-viral infections and IL-2 production capacity is critical for their functionality 

(105-107). Thus, this suggests that impaired IL-2 production by virus specific CD8+ T cells 

in CD27 deficient individuals is an important factor in the development of EBV-related 

complications. Subsequent studies also identified another 15 individuals with CD27 

deficiency who had EBV-driven lymphoproliferative disorders including EBV-positive B-cell 

malignancies (108, 109).  

 

Similarly, deficiency in CD70 (six individuals identified to date) contributes to EBV-related 

disorders including immunodeficiency and B-cell malignancies (110-112). In a detailed 

analysis of a CD70 deficient patient, EBV-specific T cells showed impaired expansion when 

stimulated with B-cells with CD70 deficiency. However, stimulation with B cells expressing 

CD70 could restore the expansion of virus specific T cells (110).  
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The importance of the CD27-CD70 pathway in priming and memory differentiation of T cells 

has been extensively characterised in pre-clinical models (see section 1.6.1). The clinical 

data from individuals with CD27/CD70 deficiency further highlight the importance of this 

pathway in protection against EBV-related complications.  

 

In addition to the importance of CD27 pathway in clearing cancer-inducing viruses, 

activation of CD27 can also regulate the immune response to produce a strong anti-tumour 

immunity to tumours irrespective of viral origin. For this reason, an overview of cancer, 

immunotherapy and manipulation of CD27 in the context of cancer immunotherapy are 

described below.   

 

1.7 Overview of Cancer  
 

Cancer is the second major cause of death worldwide and is characterised by abnormal 

growth of transformed cells with new characteristics (113). Tumour development is a 

multistep process and during the development stage, tumour cells acquire properties which 

enable their survival, termed as the hallmarks of cancer. Initially, six hallmarks were 

identified and these include; limitless replicative potential, resistance to apoptosis, 

avoidance of inhibitory signalling, sustained growth signalling, angiogenesis and metastasis 

(114, 115). In addition to these, changed cellular metabolism and evading destruction by 

immunity have recently been identified as the new emerging hallmarks. Tumour cell 

characteristics develop over time and the major contributors are considered to be a 

permissive local tumour microenvironment due to tumour promoting inflammation during 

development and genomic instability of the tumour cells enabling accumulation of mutations 

(114).  
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Figure 1.5. Hallmarks of cancer. The characteristics gained by cancer cells during tumour 
development are illustrated as the hallmarks of cancer. The initially identified characteristics 
were; limitless replicative potential, resistance to apoptosis, avoiding inhibitory signalling, 
sustained growth signalling, angiogenesis and metastasis. The more recently identified 
characteristics include evading immune destruction and changed cellular metabolism. 
  

1.8 Cancer Immune Surveillance 
 

In addition to defence against pathogenic agents, the immune system also contributes to 

the elimination of transformed cells from the body in a process called cancer immune 

surveillance (116, 117) as evidenced by patients or mice with primary or secondary 

immunodeficiency which show increased risk of cancer development. For instance RAG-2 

is required for formation of mature lymphocytes and without RAG-2, mice have no B or T 

cells, and also quicker and increased tumour development compared to wild-type mice 

(118). Also, when the cytotoxic ability of lymphocytes was disrupted via various 

mechanisms, this led to increased tumour development in mouse models (116). Similarly in 

perforin deficient mice, lymphoma development with age was observed. However, when 

those tumours were transplanted into WT animals, they were rejected confirming the 

importance of fully functional immune cells for tumour immunosurveillance (117, 119).  
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Patients with common variable immunodeficiency disease are prone to elevated levels of 

various epithelial cancers and lymphomas (120, 121). Additionally, suppressing the immune 

system causes increased risk of cancer development in large cohort studies of patients 

undergoing immunosuppression for organ transplantation (120).  

 

Tumour cells can aberrantly over-express normal proteins and these are known as tumour 

associated antigens (TAA). Additionally, tumour cells can express neo-antigens which are 

tumour specific antigens generated by mutations in proteins. Cells of the immune system 

are capable of identifying and eliminating transformed host cells via the recognition of both 

TAA and neo-antigens (122-124). Indeed the frequency of tumour infiltrating lymphocytes 

(TILs) is associated with a good prognosis in cancers such as breast cancer, oesophageal 

cancer, ovarian cancer and colon cancer (125-128).  

 

1.9 Cancer immunotherapies 
 

Although immune cells can contribute to tumour rejection, tumours still develop in immune 

competent individuals. Specifically for T-cell responses, the absence of sufficient co-

stimulatory interactions and immunosuppressive environment (e.g. presence of inhibitory 

checkpoint receptors PD-1 and cytotoxic T-lymphocyte antigen-4 (CTLA-4) or inhibitory 

cytokines such as TGF-β and IL-10) can limit their activity in tumour rejection (129, 130). 

For these reasons, various cancer immunotherapy approaches have been developed to 

increase the magnitude and efficiency of the anti-tumour immune response. These 

treatment strategies include cell based, vaccine based and monoclonal antibody based 

approaches which are discussed below.  

 

1.9.1 Cell based cancer immunotherapy  
 

Extraction of immune cells from a patient, expansion ex vivo and transfer back to the patient 

is an approach used to increase the frequency of tumour specific immune cells and thus 

improve the strength of the anti-tumour immune response. Sipuleucel-T is a patient specific 

treatment licenced for the treatment of castration-resistant prostate cancer. Treatment 

involves the extraction of DCs from the patient, activation of the cells with a recombinant 

protein consisting of prostatic acid phosphatase (PAP) conjugated to granulocyte 

macrophage colony stimulating factor (GM-CSF) and transfer back into the patient. 
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Activated DCs are then able to initiate a cytotoxic response by stimulating T lymphocytes. 

This therapy was found to significantly improve the median survival of patients by 4.1 

months compared to a placebo treated control group (131).  

 

Another cell based approach in immunotherapy is adoptive T-cell transfer. T lymphocytes 

that are specific against the tumour can be isolated from the peripheral blood or tumour and 

expanded ex vivo. Activatory cytokines are used to expand cell number and the expanded 

T-cell pool is transferred to the patient (122). Treatment of metastatic melanoma patients 

with autologous TIL expanded and transferred in conjunction with IL-2, resulted in complete 

regression in 22% of patients who were previously refractory to standard treatments (132).  

 

Similar to adoptive T-cell transfer, autologous T cells from a patient can be isolated and 

genetically modified to express chimeric antigen receptors (CAR) on cell surface which are 

targeted against an antigen overexpressed on tumour cells (133). The genetically modified 

CAR T cells are expanded in laboratory before being infused back into the patient. This 

approach can help to overcome the lack of T-cell activation in the body and can generate 

an effective T-cell response against tumours. The CAR has a domain for antigen specificity 

and also an intracellular co-stimulatory domain that improves the effectiveness of the CAR 

T cell by overcoming the lack of co-stimulatory signalling in tumour microenvironment (133, 

134). The infused CAR T cells can persist for a long time (6 months or longer) in circulation 

providing long term activity and this therapy has been shown to be particularly effective 

against B-cell malignancies where CAR T cells targeting CD19 (a B-cell antigen) are used 

for treatment (135-137).  

 

Although adoptive cell therapy is a promising field, the procedure is specific for individual 

patients and can be labour intensive (138). Thus, alternative approaches such as vaccine 

treatments may be more practical to activate the immune system in vivo.  
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1.9.2 Vaccine based cancer immunotherapy  
 

Vaccine based approaches seek to expand the immune system in vivo rather than in vitro. 

One approach is to use patient-derived tumour cells which are irradiated and transferred 

back to the patient in combination with an immune-stimulatory adjuvant such as Bacille 

Calmette-Guerin (BCG) (139, 140). Although this can contribute to effective stimulation of 

the immune system, the number of tumour cells can be a limiting factor (140). In order to 

overcome this, tumour cell lines with an immune-stimulatory adjuvant (e.g. BCG) can be 

used (141). In order to improve the diversity of antigens delivered and make the vaccination 

more practical, several cell lines of a particular tumour type can be combined to generate a 

vaccine (140). CanvaxinTM is a melanoma cancer cell vaccine consisting of three different 

melanoma cell lines delivered with BCG. Treatment of stage III melanoma patients with 

CanvaxinTM as postoperative adjuvant therapy, significantly improved survival rates by 25 

months (142). 

 

1.9.3 Antibody based cancer immunotherapy 
 

Another approach is to use monoclonal antibodies (mAbs) which can either be used to 

directly target tumour cells to initiate target cell killing or as immunomodulatory agents to 

harness the immune system to generate a strong anti-tumour response. Direct targeting 

and immunomodulatory mAbs work by different mechanisms which are detailed below.  

 

1.9.3.1 Direct targeting mAbs 
 

Direct targeting mAbs can target specific receptors expressed on tumour cells. For instance 

rituximab is directed against the B-cell marker CD20 and has been used for the treatment 

of B-cell malignancies as a component of standard of care (143-145). Rituximab has high 

affinity for CD20 and binds with high specificity. By engaging with CD20, rituximab can 

initiate direct effects such as inducing apoptosis of the tumour cell or can initiate antibody 

dependent cellular cytotoxicity (ADCC), antibody dependent cellular phagocytosis (ADCP) 

or complement dependent cytotoxicity (CDC) which lead to target cell death (143, 145). 

Rituximab is a well-tolerated drug and improves overall response rate (ORR) and complete 

response (CR) rate in various B-cell malignancies with minimal toxicity. Adverse events 

such as cytokine release syndrome, hypotension, infections and cardiovascular problems 

have been observed but the majority of the events were low-grade, mild and tolerable (145).   
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1.9.3.2 Immunomodulatory mAbs 
 

In addition to direct targeting approaches, mAbs can be used to actively engage the immune 

system. Clinically this approach has focussed largely on blocking receptors which confer 

inhibitory signals to T cells, such as CTLA-4 or PD-1 (or its major ligand PD-L1) (146). 

Ipilimumab, which targets CTLA-4, has contributed to significantly improved overall survival 

of metastatic melanoma patients (147). Comparing the efficacy of a vaccine only (136 

patients), ipilimumab only (137 patients) or vaccine and ipilimumab combination (403 

patients) in pre-treated (cytokine or chemotherapy) advanced stage metastatic melanoma 

patients, showed that ipilimumab alone or in combination with a vaccine significantly 

improved the overall survival compared to vaccine only treatment. Adverse events included 

some severe effects which were manageable but the majority were low grade with diarrhoea 

being the most common adverse event (147).  

 

Similarly for PD-1, blocking the interaction of PD-1 with its ligands using an anti-PD-1 mAb,  

Nivolumab, induced clinical activity in several cancer types including Hodgkin’s Lymphoma 

(148), non-small cell lung cancer (NSCLC) (149) and renal cell carcinoma (RCC) (150, 151). 

23 patients with refractory or relapsed Hodgkin’s Lymphoma who had previous 

chemotherapy treatment, showed significant responses to Nivolumab where a partial 

response (PR) in 16, CR in 4 and stable disease (SD) in 3 patients were observed. The 

majority of the adverse events observed with Nivolumab treatment were low grade and the 

most common events were rash and reduced platelet count with no life threating toxicity 

(148). Also, Pembrolizumab is another mAb targeting PD-1 and in NSCLC, it can improve 

the survival of patients especially against PD-L1 positive tumours (152, 153). Additionally, 

the combination of Ipilimumab and Nivolumab has been tested in patients with melanoma 

and this approach was found to improve response rates compared with either monotherapy 

(154-156). Although a higher percentage of patients had immune-related adverse events 

and more severe conditions were observed with combination treatment, these were 

manageable (155, 156). 

 

Despite the success of inhibitory checkpoint blockers, the frequency of responders remains 

low and there is need to further improve the anti-tumour immune response. More recently 

there has been interest in using mAbs as agonists of co-stimulatory receptors on the surface 

of immune cells to boost the anti-tumour immune response. This approach has also been 

shown to synergise with inhibitory checkpoint blockade to generate a strong anti-tumour 
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immunity. The approaches targeting the co-stimulatory receptors will be described in more 

detail below. 

 

1.10 Targeting TNFRSF for immunotherapy 
 

As described in section 1.6 above, TNFRSF members are important co-stimulators of T 

cells. Several members of the family have been targeted using either recombinant ligands 

or agonist mAbs in pre-clinical models to improve tumour therapy. Although agonistic mAbs 

targeting several members of the TNFRSF can initiate anti-tumour responses in mice (80, 

157), their activity is reliant, not only on the antigen-specific Fab region but also the Fc 

region (Fig. 1.6.B). It has become apparent in recent years that choosing the optimal 

antibody isotype and ensuring the availability of FcγR which mediate cross-linking of mAb 

by engagement with the Fc domain, are critical. As FcγR engagement of mAb Fc domain is 

critical for their activity, a summary of FcγR biology is included in this section.  

 

1.10.1 FcγRs 
 

FcγRs are classified into type I (FcγRI, FcγRIIB, FcγRIII and FcγRIV in mouse, FcγRI, 

FcγRIIA, FcγRIIB, FcγRIIC, FcγRIIIA and FcγRIIIB in human (Fig. 1.6.A)) and type II 

receptors (DC-SIGN and CD23) based on the binding stoichiometry and the domain they 

bind on antibody Fc region (158). Type I receptors belong to the immunoglobulin 

superfamily and type II receptors are members of the C-type lectin receptor family. Type I 

FcγRs interact with the immunoglobulin G (IgG) molecule at a 1:1 stoichiometry with the 

loop region of FcγR (between the Ig-like domains) interacting with the hinge-CH2 interface 

of IgG Fc (Fig. 1.6.B). In contrast, type II receptors interact with the IgG at a 2:1 

stoichiometry (receptor:IgG) and they bind to the CH2-CH3 domain of the Fc region (158). 

Type I receptors are heavily characterised to be involved in influencing the outcome of mAb 

activity and a brief overview of these receptors follows. 

 

Type I receptors are sub-classified into activatory and inhibitory receptors based on the 

signalling motif on their cytoplasmic domain. Their extracellular domains consists of two or 

three Ig-like domains and intracellular domains can have an ITAM (activatory) or 

immunoreceptor tyrosine based inhibitory (ITIM) motif (Fig. 1.6.A) (158, 159).  FcγRI, FcγRIII 
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and FcγRIV in mouse, and FcγRI and FcγRIIIA in human require the FcRγ subunit to be 

expressed at the cell surface together with the α subunit whereas the other receptors only 

have the α subunit. The ITAM motif of the receptors with α and γ subunits, is expressed on 

the γ chain whereas the other receptors express the ITAM or ITIM motif on the α chain 

(160). Activatory FcγRs include FcγRI, FcγRIII and FcγRIV in mouse, and FcγRI, FcγRIIA, 

FcγRIIC and FcγRIIIA in human. The only inhibitory receptor is FcγRIIB in both mouse and 

human. FcγRIIIB in humans has no intracellular domain and is expressed as a GPI-

anchored protein. Hence, it is not characterised as an activatory or inhibitory receptor (160).  

 

In mouse, FcγRI exhibits high affinity to monomeric IgG (IgG2a) and FcγRIV exhibits high 

affinity to IgG2a and IgG2b. FcγRIIB and FcγRIII have low affinity towards monomeric IgG 

and they interact with multimeric IgG. In humans, FcγRI is the only receptor with high affinity 

to monomeric IgG and other FcγRs have low affinity. When activatory receptors are 

engaged with IgG and clustered, this triggers phosphorylation of the ITAM motifs which 

leads to activation of cytoplasmic Syk and Src family of kinases and pro-inflammatory 

signalling pathways (158, 160). The stimulation of the activatory FcγRs can drive various 

outcomes such as ADCC or ADCP and secretion of cytokines, depending on the cell type 

they are expressed on. Distinct from the activating receptors, SHIP phosphatases are 

recruited to the phosphorylated ITIM motif of the inhibitory FcγRIIB upon receptor clustering. 

The outcome of FcγRIIB triggering can lead to blocking Src family kinase activation and 

counteracting the pro-inflammatory signals initiated by activatory FcγRs (160). 

 

Type I FcγRs can be expressed on different immune cells and several FcγRs can be 

expressed on the same cell. In mouse, FcγRI is expressed on monocytes, macrophages 

and DCs, FcγRIIB is expressed on B cells, monocytes, macrophages, neutrophils, DCs, 

basophils, mast cells and eosinophils, FcγRIII is expressed on NK cells, monocytes, 

macrophages, neutrophils, DCs, basophils, mast cells and eosinophils and FcγRIV is 

expressed on monocytes, macrophages and neutrophils (159, 161) 

 

In humans, FcγRI is constitutively expressed on monocytes and macrophages but 

expression can be induced on other immune cells such as neutrophils, eosinophils and DCs 

as a consequence of pro-inflammatory environment (162). FcγRIIA is expressed on 

monocytes, macrophages, neutrophils, eosinophils and DCs, FcγRIIB is expressed on 
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macrophages, neutrophils, eosinophils, DCs and B cells, FcγRIIC is expressed on NK cells, 

FcγRIIIA is constitutively expressed on monocytes, macrophages and NK cells and 

expression can be induced on DCs. FcγRIIIB is constitutively expressed on neutrophils and 

expression can be induced on eosinophils. In both mouse and human, apart from B cells 

which only have FcγRIIB expression and NK cells which only have activatory FcγR 

expression, the outcome of FcγR clustering on the other immune cells depends on a 

balance between the downstream signals initiated by inhibitory and activating receptors 

(158, 160).  

 

Mice have four IgG subclasses; IgG1, IgG2a, IgG2b and IgG3. Similarly, humans also have 

four IgG subclasses; IgG1, IgG2, IgG3 and IgG4 (158).  Mouse IgGs have more distinct 

profiles in the interaction with FcγRs. IgG1 binds only to FcγRIIB and FcγRIII, IgG2a and 

IgG2b bind to all of the FcγRs with higher affinity towards the activating FcγRI and FcγRIV. 

IgG3 shows minimal or negligible binding to FcγRs. In humans, IgG1 and IgG3 bind to all 

FcγRs with higher affinity towards activatory FcγRs (mainly FcγRI) whereas IgG2 and IgG4 

show more preferential interaction with FcγRs mainly in the form of immune complexes 

(159, 163, 164). 

 

Interaction with activatory or inhibitory FcγR can elicit different outcomes for the activity of 

the IgG mAb. For agonistic activity, it has been established for several members of the 

TNFRSF that FcγRIIB is required to enable cross-linking of the mAb and thus clustering of 

the target receptor. However, mAbs that exert their activity through deleting target cells, 

binding to activatory FcγRs is more advantageous (163). Correspondingly, mAbs which 

have a higher affinity for FcγRIIB (e.g. IgG1 isotype in mice) are better at agonistic activity 

whereas mAbs with higher affinity for the activatory receptors (e.g. IgG2a isotype in mouse) 

are better at depleting target cells. Here, an overview of some key studies with mAbs 

targeting different members of the TNFRSF follows.  
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Figure 1.6. Schematic representation of FcγRs and IgG. (A) Mouse and human FcγRs 
are illustrated. There are four receptors for mouse and six receptors for human. The 
receptors consist of Ig-like extracellular domains and indicated α and γ chains as the 
intracellular subunits. (B) IgG mAb consists of two identical heavy and light chains which 
are linked by disulphide bonds (indicated as black lines between the chains). The Fab 
domain interacts with the antigen whereas the Fc domain interacts with the FcγRs. The 
hinge-CH2 interface where the FcγRs bind is indicated. Figure adapted from (159). 
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1.10.2 Therapeutic targeting of CD40 
 

CD40 is predominantly expressed on APCs such as B cells and DCs, and agonistic mAbs 

against CD40 improve anti-tumour responses by activating and licensing APC (80, 165). 

Targeting CD40 in mouse models has shown promising results in tumour types including 

lymphoma (80). However, despite anti-tumour efficacy being shown in multiple pre-clinical 

models, the clinical activity of agonistic anti-CD40 agents have been limited, inducing 

tumour shrinkage in approximately 20% of patients at best (80, 166). Additionally, the 

strongest agonist of CD40, CP-870,893, was limited by toxicity with a maximum tolerated 

dose of 0.2 mg/kg which is likely to limit the efficacy of the antibody by not allowing 

saturation of the receptor (80).  

 

It has been well established in pre-clinical models that agonistic anti-CD40 mAbs require 

FcγRIIB induced cross-linking for their optimal activity (167). The therapeutic efficacy of anti-

CD40 mAbs was dependent on antibody isotype with the antibodies (mIgG1 or rIgG2a) 

being engaged by FcγRIIB with high affinity, showing anti-tumour efficacy whereas mIgG2 

isotype, which has a low affinity towards FcγRIIB and does not get efficiently cross-linked, 

not showing any anti-tumour efficacy in a murine BCL1 model (168).  

 

The translation from pre-clinical models to clinic is limited in this context since there is no 

human antibody with high affinity for FcγRIIB to favour the interaction to achieve high levels 

of cross-linking for agonistic activity. The anti-CD40 mAbs (e.g. ChiLob 7/4) with human 

IgG2 isotype can show agonistic activity without FcγR engagement. It has been shown that 

a unique configuration in the disulphide bonds in the hinge and CH1 domains can impact 

on the structure of the antibody (169). The hIgG2 antibodies can exist in h2A or h2B forms 

which have differences in the structure of their disulphide bonds and specifically, the h2B 

form can elicit activation of CD40 without requiring cross-linking. The “B” form has two 

disulphide bonds; one between the light chain constant domain and hinge region and 

another one between heavy chain CH1 domain and the hinge region. These disulphide 

bonds are proposed to give a more compact, less flexible conformation to the antibody 

which in turn might be able to interact with receptors in a more rigid structure to initiate 

activation (169). The human IgG2 isotype CP-870,893 antibody can also drive agonistic 

activity without requiring FcγR mediated cross-linking (169). Although it can induce FcγR 

independent activity, recent evidence suggests that, by Fc engineering to improve affinity 
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to FcγRIIB, the activity of this antibody can be further enhanced by FcγR mediated cross-

linking indicating that for maximal activity, FcγR engagement is still required (170).  

 

1.10.3 Therapeutic targeting of 4-1BB 
 

Agonistic agents against 4-1BB showed treatment responses in several murine tumour 

models such as lymphoma (171), floor of mouth squamous cell cancer (172) and liver 

cancer (173). The therapeutic effect of a 4-1BB agonist in a lymphoma model was further 

improved by combination treatment with Treg depletion (171). In that study, the Treg cells 

were selectively depleted using the anti-folate receptor 4 mAb and the therapeutic efficacy 

of the agonistic anti-4-1BB was improved from 40% to 100% of responders (171).  

 

As well as activated T cells, 4-1BB is also expressed on Tregs and a recent study 

demonstrated that by using the appropriate mAb isotype (mIgG2a), Tregs could be depleted 

by anti-4-1BB and this provided anti-tumour efficacy in solid tumour models (174). Although, 

agonistic targeting of anti-4-1BB (mIgG1) could also provide efficacy, the response 

generated was lower than the mIgG2a isotype in the murine tumour models tested. 

Additionally, when the two isotypes were used sequentially by first depleting Tregs and then 

inducing agonism, mainly on CD8+ T cells, the effect was better than both monotherapies 

and the sequence of administration was important, as when given concurrently, the 

combination effect was lost (174). Similar to agonistic anti-CD40 mAb, the agonistic activity 

of anti-4-1BB mAbs relied on availability of FcγRIIB cross-linking whereas being cross-

linked by activatory FcγRs could convert an agonistic mAb into a depleting antibody (174).  

 

Currently there are two anti-4-1BB mAbs in clinical development (Table 1.1).  Both 

antibodies have shown to be safe in patients and were tolerated up to 10 mg/kg. Antibodies 

caused adverse events in 15% or less of patients including dizziness, rash, diarrhoea and 

increased liver enzymes (175, 176), although a strong anti-tumour response was not 

generated. The anti-4-1BB mAb Utomilumab induced PR or CR in 13% of patients with 

Merkel cell carcinoma and stable disease in 24.5% patients with advanced solid tumours 

(176).  
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1.10.4 Therapeutic targeting of OX40 
 

Similar to 4-1BB, OX40 is transiently expressed on activated T cells and constitutively 

expressed on Tregs. Targeting OX40 with an agonistic mAb proved to be efficacious in 

generating anti-tumour immunity in several tumour models such as murine mammary 

cancer, melanoma, colon carcinoma and renal carcinoma (177, 178). Treating mice with 

murine mammary cancer with a soluble form of OX40L also contributed to improved survival 

(25% response compared to 3.5% in the control group) and generation of long-term 

protective immunity (178).  

 

Agonistic OX40 mAbs can also generate anti-tumour immune responses by inducing the 

selective deletion of Tregs. Although, mAb isotype is important in this context and direct 

targeting antibodies such as mIgG2a induce better deletion, there is evidence suggesting 

that agonistic anti-OX40 mAbs (mouse IgG1 isotype) can function by inducing effector T-

cell expansion and Treg depletion at the same time to generate effective anti-tumour 

immunity (81, 179). The FcγR requirement of agonistic anti-OX40 mAbs has not been 

directly investigated. However, the requirements identified for other anti-TNFRSF mAbs 

would be expected to apply for anti-OX40 mAbs too. In a study in which different Fc 

engineering mutations were used to enhance the affinity of human IgG1 anti-OX40 mAb to 

FcγRIIB, the agonistic activity of the mAb was also improved confirming that FcγR mediated 

cross-linking enhances the activity of anti-OX40 mAbs (180).  

 

The first anti-OX40 mAb to enter clinical trials was a murine IgG1 (clone 9B12, now known 

as humanized IgG1 Tavolimab) which generated immune-stimulating effects such as 

increased effector T-cell activation and proliferation. The antibody failed to generate strong 

anti-tumour immunity although regression of one or more metastatic lesions was observed 

in 30% of patients (181, 182). The antibody was well tolerated with mild to moderate adverse 

events including fatigue, mild rashes, fever/chills and a brief period of lymphopenia. 

Currently, there are several clinical trials being carried out with OX40 agonists and the 

results are yet to be published. 
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1.10.5 Therapeutic targeting of GITR 
 

GITR is another member of the TNFRSF that is up-regulated on effector T cells after 

activation but is constitutively expressed on Tregs. Similar to 4-1BB and OX40, targeting 

GITR has been shown to induce anti-tumour immunity in many pre-clinical models and the 

action could either be through agonism on effector T cells or depletion of Tregs (183). The 

requirement for FcγR availability for the anti-tumour efficacy of anti-GITR antibody has also 

been illustrated. The depletion of Tregs was dependent on availability of activatory FcγRs 

(184) and considering the data on other anti-TNFRSF mAbs, agonistic activity of anti-GITR 

mAb would be expected to rely on availability of FcγRIIB.  

 

A humanized IgG1 anti-GITR agonist mAb, MK-4166, was tested alone or in combination 

with anti-PD1 (Pembrolizumab). The MK-4166 mAb was well tolerated in patients as a mono 

or combination therapy, with main adverse events including fatigue, nausea and abdominal 

pain. Only 5.3% of patients had treatment related grade 3 or above adverse events. As a 

combination therapy, 4 complete response and 5 partial responses were observed in 13 

melanoma patients who had no previous treatment.  

 

Overall, outcomes from the clinical trials targeting TNFRSF members indicate that these 

agents are safe and can achieve biological and clinical responses in patients and a 

summary of anti-TNFRSF mAbs in clinic (185) can be seen in Table 1.1. 

 

My PhD focuses on targeting CD27 and a more detailed overview of pre-clinical and clinical 

targeting of CD27 therefore follows. 

 

 

 

 

 

 

 

 



Chapter 1  

33 
 

Table 1.1. Summary of agonistic anti-TNFRSF mAbs in clinical trials targeting CD40, 
4-1BB, OX40, GITR and CD27. 

Target antigen Drug name Isotype 

CD40 CDX1140 Human IgG2 

 CP-870,893 Human IgG2 

 ChiLob 7/4 Mouse/human chimera IgG1 

 APX005M  Human IgG1 

 SEA-CD40 Human IgG1 (Non-fucosylated) 

 JNJ-64457107 Human IgG1 

4-1BB Urelumab Human IgG4 

 Utomilumab Human IgG2 

OX40 PF-04518600 Human IgG2 

 MOXR-0916 Human IgG1 

 BMS-986178 Human IgG1 

 Tavolimab Human IgG1 

 INCAGN01949 Human IgG1 

 GSK-3174998 Human IgG1 

GITR TRX-518 Human IgG1 

 AMG-228 Human IgG1 

 MK-4166 Human IgG1 

 GWN-323 Human IgG1 

 MK-1248 Human IgG4 

 BMS-986156 Human IgG1 

 INCAGN01876 Human IgG1 

CD27 Varlilumab Human IgG1 
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1.10.6 Therapeutic targeting of CD27 
 

As described in section 1.6.1, CD27 is important for promoting T-cell priming, memory 

formation, survival and secondary stimulation of the memory T-cell pool. Importantly, CD27 

co-stimulation also provides anti-viral and anti-tumour responses that are mediated by T-

cell activity. A previous study from our lab has shown that while stimulation of CD40 with an 

agonistic mAb could clear established murine BCL1 lymphoma tumours, this activity was 

dependent on CD70 (95). In addition, agonistic anti-CD27 mAb was sufficient to generate 

anti-tumour immunity against BCL1 and A31 murine lymphoma (95) and delayed tumour 

growth in murine melanoma models with significantly reduced metastatic spread (186). 

Other groups have shown using a CD70 transgenic mouse model in which CD70 was 

constitutively expressed on B cells, that CD70 enhances the antigen specific response of T 

cells and confers protection from a lethal dose of EL4 lymphoma tumour challenge (187). 

In a separate study, CD70 was constitutively expressed on DCs in CD27-/- mice; adoptive 

transfer of WT OT-1 CD8+ T cells into these mice and challenge with OVA, contributed to 

rejection in a murine melanoma model with OVA expression (B16-OVA) and long term 

survival whereas transferring CD27-/- OT-1 T cells did not generate protective immunity 

(188). These data clearly show that stimulation of CD27/CD70 pathway can generate strong 

anti-tumour immunity. 

 

In line with the effects of CD27 agonism on tumour protection in mice, targeting CD27 was 

found to improve the effector functions of CD8+ T cells infiltrating a tumour site and reduced 

the expression of the inhibitory receptor PD-1 (186).  Additionally, data from our lab show 

that when agonistic anti-CD27 mAb and anti-PD-L1 are combined, they synergise to restore 

the functions of quiescent CD8+ T cells and reduce the expression of genes related to 

quiescence and anergy (189). Others have also shown that the combination of CD27 

agonism and PD-1 blockade can provide strong anti-tumour immunity in the absence of 

CD4+ T cell help (190). In our group, stimulation of antigen specific CD8+ T cells in vivo with 

antibodies targeting different members of the TNFRSF including CD27, OX40, GITR and 4-

1BB, showed that agonistic anti-CD27 contributed to significantly higher expansion 

compared to stimulation through other members (84). In the same study, anti-CD27 

combined with PD-1 blockade significantly improved anti-tumour immunity. The 

combination therapy showed synergy for the enhanced expansion and effector activity of 

CD8+ T cells (84). In another study in which a direct targeting antibody (anti-CD20) was 

combined with agonistic antibodies targeting TNFRSF such as OX40, GITR and CD27, the 

anti-CD20 and anti-CD27 combination showed significantly better activity and synergy 
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compared to others (191). Agonistic anti-CD27 stimulation could activate T cells and NK 

cells which released inflammatory cytokines leading to enhanced recruitment and activation 

of the myeloid cells, which in turn increased tumour clearance initiated by the anti-CD20 

mAb (191).  

 

With regards to the influence of agonist anti-CD27 on human T cells, an anti-human CD27 

mAb (1F5) as IgG1 isotype was developed and tested in vivo in a human CD27 (hCD27) 

transgenic mouse model. The antibody could enhance the activation and frequency of 

antigen specific T cells when mice were immunised with ovalbumin (OVA) protein. Further 

characterisation using hCD27 mice revealed that 1F5 could induce a strong anti-tumour 

immune response against several murine tumour models including BCL1, CT26 colon 

carcinoma and EG-7 thymoma. In addition to induced survival benefit, the surviving mice 

showed resistance to a secondary tumour re-challenge indicating the establishment of 

protective long term immunity (43). However, the activity observed with 1F5 was completely 

dependent on FcγR interaction and eliminating the interaction with FcγRs eliminated the 

anti-tumour efficacy of 1F5. As 1F5 is of hIgG1 isotype and this isotype can initiate depletion 

of the target cells, results in another study showed that, in immune-deficient mice (where B 

and T lymphocytes are absent), 1F5 could initiate depletion of human lymphoma cells (44).  

As these cells express very high levels of CD27, the outcome was possibly the result of 

depletion of those cells due to high CD27 expression levels on the cell surface; presumably 

the lower levels of CD27 expressed on T cells mean that these are not so susceptible to 

depletion. This concept of TNFRSF expression level influencing the likely outcome of 

exposure to anti-TNFRSF mAb has also been shown using anti-4-1BB mAbs, in which high 

expressors are more susceptible to depletion (174).  

 

In addition to effector T cells, CD27 is also expressed on Tregs. In a recent study in which 

different isotypes of anti-CD27 mAb were compared in vivo, mIgG2a and hIgG1 (but not 

mIgG1) isotypes were found to induce anti-tumour effects by mainly targeting the depletion 

of Tregs (157). This is in line with the FcγR engagement of these mAbs (engaging with 

activatory FcγRs) and also it might be a reflection of the higher level of CD27 expressed on 

Tregs compared to effector T cell populations. The mIgG2a isotype has high affinity for the 

activatory FcγRs and induced a stronger depletion of Tregs compared to the hIgG1. Human 

IgG1 isotype binds to all FcγRs and it could generate agonism as well as Treg depletion 

whereas the agonistic activity of mIgG2a was minimal. In contrast, mIgG1 induced strong 

agonistic activity and no Treg depletion. The activities of the antibodies were also found to 
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be dependent on the tumour model. In a BCL1 model where the tumour localises into the 

spleen, mIgG1 isotype induced strong anti-tumour immunity and hIgG1 induced moderate 

response with mIgG2a being inactive (157). In several other solid tumour models however, 

the mIgG2a showed the strongest activity, mainly by depleting the Tregs, with hIgG1 

showing moderate activity again whereas the activity of mIgG1 was minimal (157). 

 

Following on from these pre-clinical results, an anti-human CD27 mAb has been taken 

forward for testing in clinical trials. The hIgG1 mAb (CDX1127, also known as Varlilumab, 

Table 1.1) is tolerated up to 10 mg/kg dose and shows biological and clinical activity against 

melanoma, RCC, solid and hematologic malignancies contributing to tumour shrinkage 

(192, 193). Stimulation with Varlilumab induced secretion of chemokines, increase in 

activated T-cell numbers and also stimulated depletion of Tregs. This observation was in 

line with the pre-clinical activity of anti-CD27 mAb with hIgG1 isotype which showed both 

activation of effector T cells and depletion of Tregs. A Phase I/II clinical trial to assess the 

safety of anti-CD27 and PD-1 blockade as a combination therapy (run by Celldex 

Therapeutics and Bristol-Myers Squibb; clinical trial NCT02335918) in colorectal cancer 

(CRC) and ovarian cancer (OVAC) has proved the combination to be safe with no additive 

toxicities and could generate SD (17% in CRC and 39% in OVAC) or PR (5% in CRC and 

10% in OVAC) in patients (194). Additionally, combination of anti-CD27 and PD-1 blockade 

will be tested in a Phase II study in patients with advanced B-cell non-Hodgkin lymphoma 

(run by National Cancer Institute; clinical trial NCT03038672) (195). Also, a clinical trial to 

initially test the safety and activity of combining anti-CD20 and anti-CD27 antibodies in 

patients with relapsed or refractory B-cell malignancies has been designed and will be 

starting in the near future (run by University Hospital Southampton NHS Foundation Trust, 

University Hospital Plymouth NHS Trust, The Christie NHS Foundation Trust, Oxford 

University Hospitals NHS Trust, Celldex Therapeutics and Cancer Research UK; clinical 

trial NCT03307746) (196).    
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1.11 Mechanism of action of TNFRSF targeting mAbs and TNFSF ligands  
 

In addition to mAbs (197, 198), soluble recombinant ligands (199, 200), aptamers (201), 

transfection of dendritic/tumour cells (202, 203) and recombinant viruses (204) have been 

used to target members of the TNFRSF. However the major mechanism to target the 

TNFRSF is agonistic mAbs.  

 

As described above (section 1.10), agonist anti-TNFRSF mAbs achieve optimal activity via 

cross-linking provided by interaction with the inhibitory FcγRIIB receptor (167, 170, 205). 

The agonist anti-human CD27 mAb, 1F5, contributed to generation of strong anti-tumour 

immunity in mice which was completely reliant on FcγR interaction (43).  In a pre-clinical 

study where mouse models with human CD40 and human FcγR expression (lacking both 

mouse CD40 and mouse FcγR) were used, the activity of anti-human CD40 mAbs were 

dependent on FcγR availability. By trying Fc engineering approaches to increase affinity to 

FcγRIIB but not activatory receptors, it has been shown that the agonistic activity of the 

mAbs could be improved, highlighting the difficulty in using anti-human mAbs for agonistic 

activity in patients (170). Additionally, FcγRs can show variation in availability and might be 

limiting in the tumour microenvironment (206, 207). Polymorphisms in FcγRIIB has been 

shown to contribute to reduced level of FcγRIIB expressed on B cells and macrophages in 

mice which were prone to development of autoimmunity (208). Consistent with the pre-

clinical observations, data have been reported in systemic lupus erythematosus 

autoimmune condition where individuals have reduced level of FcγRIIB expression on B 

cells (209). It has also been shown in vivo that the level of FcγRIIB expression is critical for 

agonist mAbs. A two-fold decrease in expression can completely eliminate the agonistic 

activity (210). Overall these confirm that the availability of FcγRIIB can vary between 

individuals and this can influence on the activity of the agonistic mAb.  

 

To overcome these potential limitations, it may be possible to use the soluble ligand as an 

agonist in a way that is independent of the requirement for FcγRs. Trimeric cell surface 

TNFSF ligands bind to multiple receptors in a multi-molecular structure and the activity of 

soluble trimer ligands can be potentiated via additional ligand cross-linking (211-213). The 

improved function of soluble TNFSF ligands via cross-linking has been demonstrated for 

CD27L, OX40L and CD40L (214, 215). 
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In order to avoid the requirement for additional agents to cross-link trimeric TNFSF ligands, 

forms of soluble TNFSF ligands were previously developed as oligomers of trimers. TNFSF 

ligand fusion proteins comprising ligand and either the Fc region of IgG or fragment of lung 

surfactant protein D, were generated and found to form soluble hexameric and dodecameric 

structures, respectively (214, 216). The idea that this strategy can generate more robust 

agonism was illustrated by the finding that these multimeric proteins were significantly more 

active than the trimeric forms (214). Testing the Fc-fusion proteins in vivo showed that the 

proteins were active and stimulated the expansion of CD8+ T cells (87, 200). Active Fc-

TNFSF proteins were made up of 3 Fc domains at the N-terminus and 2 ligand trimers at 

the C-terminus with 50 to 80% of products being the active hexameric structure, depending 

on the ligand (217). 

 

1.12 Background to the project 
 

Previously in our laboratory, a soluble recombinant Fc-CD70 (sCD70) fusion protein was 

developed with the hinge, CH2 and CH3 domains of human IgG1 Fc being fused to the N-

terminus of a single mouse CD70 extracellular domain (200). The active protein was 

comprising 2 ligand trimers and 3 dimeric Fc regions (see Fig. 3.1) and activated cells in 

both in vitro and in vivo assays. In conjunction with OVA257-264 peptide, sCD70 enhanced 

cytokine production by T cells, significantly improved the in vivo expansion of adoptively 

transferred OT-1 T cells and improved the cytotoxic capacity of CTLs (200). 

 

While these data were encouraging, the product was not homogeneous and comprised 

different sizes of oligomers with short in vivo half-life (217), likely due to the prevention of 

interaction with the neonatal Fc receptor (FcRn), responsible for recycling of mAbs through 

interaction with the Fc domains (218),  because of steric hindrance in the oligomer 

structures. The aim of this project is therefore to develop a new generation soluble CD70 

fusion protein which can be generated as a homogeneous product and acts independent of 

FcγRs. To achieve this, three CD70 extracellular domains will be expressed as a single 

chain, fused with the hinge, CH2 and CH3 domains of mouse IgG1 such that the end 

product will be a dimer-of-trimer (scmCD70-m1), incorporating a single Fc domain. 

Dimerisation of the CH3 domains and the hinge region will form the hexameric ligand 

structure required for receptor activation (200, 214).  
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1.13 Hypothesis 
 

TNFRSF members interact with ligands in a multimeric structure to fully activate T cells. 

Agonistic mAb achieve receptor multimerisation by FcγR cross-linking but FcγR availability 

can be limiting. We hypothesise that recombinant new generation soluble CD70 fusion 

protein will activate T cells in an FcγR independent manner.  

 

1.14 Project aims 
 

The aim of this project is to develop a recombinant CD70 protein that stimulates anti-tumour 

T cell immune responses independent of FcγR cross-linking. Specifically I aim to generate 

a product which 1) is more homogeneous than the original sCD70; the dimer-of-trimer will 

consist of one intact Fc domain and higher oligomeric structure formation should be 

minimal. In contrast, the original sCD70 was produced by fusing one Fc domain to one 

CD70 domain and protein with hexameric ligand domain also possessed three intact Fc 

domains which potentially increased oligomer formation due to interaction and disulphide 

bond formation between multiple Fc domains. 2) Exhibits a longer half-life; the single Fc 

domain should be able to sufficiently interact with FcRn for recycling and improved half-life. 

In the previous generation, multiple Fc domains and oligomeric structure may have hindered 

FcRn interactions. 3) Exhibits activity independent of FcγR cross-linking due to its 

hexameric ligand structure. 

 

Specifically; 

- The dimer-of-trimer protein will be generated and compared to a trimeric CD70 

ligand in vitro, looking at T-cell responses.  

 

- The dimer-of-trimer protein will be directly compared to an agonistic anti-CD27 mAb 

in detailed in vitro and in vivo assays investigating effects on T-cell responses and 

pre-clinical tumour models. By producing different forms of the ligand, studies will 

be conducted to examine FcγR requirement of the dimer-of-trimer ligands and anti-

CD27 mAb in in vivo T-cell responses. 

 
- As CD27 is expressed as a dimer on cell surface and is therefore partially 

oligomerised, mutant forms of CD27 to eliminate disulphide linked dimerisation will 
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be generated to investigate the importance of this post-translational modification on 

CD27 signal transduction. 

 

1.14.1 Chapter Summaries  
 

In chapter 3, the dimer-of-trimer scmCD70-m1 was generated and characterised for its 

structure, binding to CD27 and inducing in vitro T-cell proliferation. The protein was 

compared to trimeric CD70 and agonistic anti-CD27 mAb in in vitro T-cell proliferation 

assays. 

 

In chapter 4, the dimer-of-trimer scmCD70-m1 was compared to the agonistic anti-CD27 

mAb in in vivo adoptive T-cell transfer and murine BCL1 model. A version of scmCD70-m1 

lacking FcγR engagement was also generated and compared to the protein capable of 

receiving FcγR cross-linking and agonistic anti-CD27 mAb. The in vivo serum stability of the 

ligand forms and mAb were investigated and assays to increase the in vivo stability of ligand 

forms were developed.  

 

In chapter 5, a mutant version of CD27 lacking disulphide linked dimerisation was generated 

and compared to the WT CD27 to investigate effects on cell surface expression and signal 

transduction through CD27.  
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Chapter 2 Materials and Methods 
 
2.1 Cloning 
 

2.1.1 Cloning scmCD70-m1 into pEE14 expression vector 
 

The new generation scmCD70-m1 insert was designed (by Prof Aymen Al-Shamkhani) and 

ordered from GeneArt to be supplied in pcDNA3.1 (+). The plasmid comprised of a HindIII 

restriction site upstream of a Kozak sequence, start codon and sequence encoding 

scmCD70-m1 followed by an EcoRI restriction site. Plasmid was dissolved at 250ng/μl 

concentration in TE buffer (Qiagen, Hilden, Germany), 12.5 ng was transformed into a vial 

of OneShot TOP10 cells (Invitrogen, California, United States) and large scale plasmid DNA 

was isolated by using commercial kits with a yield of 791.2 ng/μl. The insert was then cloned 

into the pEE14 (Lonza, Basel, Switzerland) expression vector as follows.  

 

For restriction digestion, 7.6 μl of pcDNA3.1 (+) at 791.2 ng/μl concentration was incubated 

with 2 μl of HindIII and 2 μl of EcoRI (both Promega, Wisconsin, United States, 

concentrations 10 U/μl and 12 U/μl respectively) in the presence of 5 μl Buffer E (10X stock, 

Promega) in a final volume of 50 μl made up with autoclaved distilled H2O (dH2O). Digestion 

was allowed to proceed for 2 hrs at 37 °C. Digestion products were then run on a 1% (w/v) 

agarose gel and the insert of interest was extracted and cleaned by using Qiagen kit 

according to manufacturers’ instructions.  

 

In parallel, the pEE14 vector was digested by sequential digestion with EcoRI and HindIII. 

First EcoRI digestion was performed with 7 μl of DNA at 595 ng/μl concentration, 1.2 μl of 

EcoRI and 3 μl of Buffer H (Promega) made up to 30 μl. Reaction was allowed to proceed 

for 2.5 hr at 37 °C. After digestion, DNA was isolated and cleaned by using the gel extraction 

kit. DNA was eluted in 30 μl and the whole amount was incubated with 1.5 μl of HindIII and 

5 μl of Buffer E made up to 50 μl with clean water. Digestion was allowed for 2 hr at 37 °C. 

Digestion products were then run on a 0.7% agarose gel and the vector of interest was 

extracted and cleaned by using QIAquick gel extraction kit (Qiagen) according to 

manufacturers’ instructions.  
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To incorporate scmCD70-m1 into cut pEE14, a 15 μl ligation reaction based on molar ratio 

was set up based on the following equation; (kb of insert (2.3) / kb of vector (9.4)) x amount 

of vector (20 ng) = amount of insert (4.89 ng for a 1:1 molar ratio). A 3:1 insert to vector 

ratio was used comprising vector, insert, 3 units of T4 DNA ligase (Promega), T4 DNA ligase 

buffer (Promega, 1 μl of a 10X stock) to a final volume of 15 μl in autoclaved dH2O. The 

reaction was carried out for 3 hrs at room temperature (RT) and 2 μl of ligation reaction 

transformed into OneShot TOP10 bacterial cells. In brief, 2 μl of the reaction was incubated 

with one vial of TOP10 bacteria on ice for 30 mins, then 45 seconds in water bath at 42 °C 

followed by 2 mins on ice. Cells were then supplemented with 250 μl of super optimal broth 

with catabolite repression (SOC) (nutrient rich growth medium for bacteria, Invitrogen, 

California, USA) and incubated at 37 °C for 1 hr in a shaking incubator. Bacteria (10 μl of 

bacterial culture + 90 μl of SOC medium) were then streaked onto pre-prepared LB-agar 

plates supplemented with 100 μg/ml ampicillin (amp, Melford Laboratories, Ipswich, UK) 

and bacteria allowed to grow overnight (~ 17 hrs) at 37 °C. Six single colonies were then 

selected and grown in 5 ml LB supplemented with 100 μg/ml amp overnight (~ 17 hrs) at 37 

°C. DNA was then isolated from individual colonies using the QiaPrep Spin MiniPrep Kit 

(Qiagen) according to manufacturers’ instructions. To confirm the presence of the insert 

and vector of interest, extracted DNA was digested with EcoRI and HindIII. For this, 400 ng 

of product was incubated with 0.2 μl of each enzyme for 1.5 hr at 37 °C. Incorporation of 

the insert into the pEE14 vector was visualised by running the digestion products on a 1% 

agarose gel. 

 

2.1.2 Cloning Ver II insert into pcDNA3.1 (+) expression vector 
 

The DNA sequence with the cysteine (Cys) to alanine (Ala) mutations in the hinge region of 

the Fc domain was ordered from GeneArt to be flanked with XbaI and EcoRI restriction sites 

and supplied in a commercial plasmid. The insert was supplied in PMA-T plasmid DNA and 

was first dissolved in TE buffer at 250ng/μl and transformed into OneShot TOP10 cells to 

produce large scale DNA as described in detail above. For restriction digestion, 3 μg of 

plasmid DNA was digested with XbaI (Promega) and EcoRI with 15 units of each enzyme 

in a 50 μl reaction containing buffer E and autoclaved dH2O. Digestion was carried out for 

2 hrs at 37 °C and the products were run on a 1% agarose gel. The insert was extracted 

from the gel and cleaned by using Qiagen kit according to manufacturers’ instructions.   

 



Chapter 2 

43 
 

Simultaneously, the pEE14 vector containing the scmCD70-m1 insert was digested with 

XbaI and EcoRI restriction enzymes. For digestion, 3 μg of plasmid DNA was digested for 

2 hrs at 37 °C with 15 units of each enzyme in a 50 μl reaction containing 5 μl buffer E and 

autoclaved dH2O. The products were also run on a 1% agarose gel and the cut vector was 

extracted from the gel as described above. The Ver II insert was then ligated into the pEE14 

vector in a 15 μl ligation reaction. The calculations were based on the equation described 

in section 2.1.1 and 3.9 ng of insert and 20 ng of vector was used to set up 3:1 insert to 

vector Molar ratio. The ligation was allowed to proceed for 3 hrs at RT in presence of 3 units 

of T4 DNA ligase and 1X T4 DNA ligase buffer. The ligation products were transformed into 

OneShot TOP10 cells as described above and six single colonies were then grown in 5 ml 

LB (supplemented with amp) for 17 hrs to extract the plasmid DNA by using Qiagen mini-

prep kit. The extracted plasmid DNA from each colony was analysed by digesting 400 ng 

with 2 units of XbaI and 2 units of EcoRI for 2 hrs at 37 °C. 200 ng of digested sample was 

then visualised on a 1% agarose gel to confirm the ligation.  

 

In order to clone the scmCD70-m1 Ver II insert into pcDNA3.1 (+) vector, 3 μg of pEE14-

scmCD70-m1 Ver II plasmid was digested with HindIII and EcoRI restriction enzymes with 

15 units of each enzyme for 2 hrs at 37 °C in a 50 μl reaction in presence of 5 μl buffer E 

and autoclaved dH2O. The products of digestion were run on a 1% agarose gel and the 

scmCD70-m1 Ver II insert was extracted from the gel. In parallel, 4 μg of pcDNA3.1 (+) 

scmCD70-m1 Ver I plasmid DNA was digested with 15 units of EcoRI in a 30 μl reaction 

containing 3 μl buffer H (10X stock, Promega) and autoclaved dH2O. The digestion was 

carried out for 2 hrs at 37 °C and the digested plasmid DNA was isolated from the enzymes 

by using Qiagen gel extraction kit. The isolated DNA (~3.2 μg) was then digested with 15 

units of HindIII in a 50 μl reaction in presence of 5 μl buffer E for 2 hrs at 37 °C. The products 

were run on a 1% agarose gel and the digested vector was extracted and cleaned by using 

the Qiagen kit.  

 

The scmCD70-m1 Ver II insert was then ligated into pcDNA3.1 (+) vector in a 15 μl reaction. 

The reaction was set up as 3:1 insert to vector Molar ratio, using 25.56 ng of insert and 20 

ng of vector, calculated by using the equation described in section 2.1.1. The ligation was 

carried out for 3 hrs at RT in presence of T4 DNA ligase and T4 DNA ligase buffer. The 

ligated products were then transformed into OneShot TOP10 cells as described above and 

four single colonies were grown in 5 ml LB (supplemented with amp) cultures for ~17 hrs to 

extract the DNA by using Qiagen mini-prep kit.  The extracted plasmid DNA from each 



Chapter 2 

44 
 

colony was analysed by digesting 400 ng with 2 units of XbaI and 2 units of EcoRI for 2 hrs 

at 37 °C. 200 ng of digested sample was then visualised on a 1% agarose gel to confirm 

the ligation.  

 

2.1.3 Cloning the Fc domain with D265A mutation into scmCD70-m1 Ver I 
 

The Fc domain with the D265A mutation was commercially ordered from GeneArt and was 

supplied in PMA-T plasmid DNA. The pEE14 vector with the scmCD70-m1 Ver I was 

previously digested to remove the Fc domain with XbaI and EcoRI digestion (described in 

section 2.1.2). In order to clone into the pEE14 vector, PMA-T with D265A insert was 

digested with XbaI and EcoRI restriction enzymes. 3 μg of plasmid DNA was digested with 

15 units of each enzyme at 37 °C for 2hrs in presence of buffer E and autoclaved dH2O. 

The products were run on a 1% agarose gel and the insert was extracted and cleaned using 

Qiagen gel extraction kit. Then the insert was ligated into the cut pEE14 – scmCD70-m1 

vector in a ligation reaction with 3:1 insert to vector Molar ratio. For this, 3.9 ng of insert and 

20 ng of vector were incubated in a 15 μl reaction in the presence of T4 DNA ligase and the 

T4 DNA ligase buffer. The reaction was allowed to proceed for 3 hrs at RT before being 

transformed into OneShot TOP10 cells as described above. From the single colonies, six 

were grown in 5 ml LB (supplemented with amp) for ~17 hrs and plasmid DNA isolated 

using Qiagen mini-prep kit. The extracted plasmid DNA from each colony was analysed by 

digesting 400 ng with 2 units of XbaI and 2 units of EcoRI for 2 hrs at 37 °C. 200 ng of 

digested sample was then visualised on a 1% agarose gel to confirm the ligation.  

 

2.1.4 Agarose gel  
 

Agarose gels were prepared by dissolving agarose powder (Invitrogen) in 1X TBE buffer 

(90 mM Tris, 90 mM Boric acid, 2mM EDTA) with 50 ng/ml concentration of ethidium 

bromide (EtBr) (Sigma, Missouri, USA). The plasmid DNA samples were prepared with 1X 

orange loading dye (stock supplied at 6X; Thermo Fisher) and run next to a 1 kb DNA ladder 

(Thermo Fisher O’GeneRuler) in the running buffer 1X TBE containing 50 ng/ml 

concentration of EtBr for 1 hr at 80 mA. The bands in the gels were visualised using GelDoc 

XR imager (Bio-Rad, California, USA) using Quantity One software (Bio-Rad). 
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2.2 Large scale plasmid DNA production 
 

To generate larger amounts of plasmid DNA, bacterial OneShot TOP10 cells were 

transformed (via heat shock) with the plasmid DNA as described in section 2.1.1 and plated 

on LB/agar plates with 100 μg/ml amp. A single colony was chosen after ~17 hrs incubation 

and cultured in 5 ml LB supplemented with amp for 6-7 hr before 1 ml of the pre-culture was 

transferred into a bigger culture (250 ml LB supplemented with 1 μg/ml amp) and grown for 

~17 hrs prior to extraction of plasmid DNA using Hi-Speed plasmid maxi kit (Qiagen) 

according to the manufacturers’ guidelines. Final DNA concentration was measured via 

spectrophotometry (NanoDrop 1000) to determine absorbance at 260 nm. Quality of the 

DNA was confirmed by 260/280 ratio where 1.8-2.0 was accepted as high purity yield.   

 

2.3 Cell Culture 
 

Suspension 293F cells (human embryonic kidney origin) (Thermo Fisher) were cultured in 

Freestyle 293 expression medium (Gibco, Massachusetts, USA) with no additional 

supplements. Cells were split every 3-4 days and maintained in a shaking incubator at 37 

°C and 8% CO2. Adherent 293T cells (human embryonic kidney origin) (obtained by Prof 

Aymen Al-Shamkhani from Department of Biochemistry, University of Oxford) were grown 

in Dulbecco's Modified Eagle's Medium (Gibco) supplemented with 10% (v/v) fetal calf 

serum (FCS) (Sigma), 2 mM glutamine (Gibco),1 mM pyruvate (Gibco), 100 μg/ml 

streptomycin (Gibco) and 100 units/ml penicillin (Gibco) split every 3-4 days by addition of 

trypsin-EDTA (Sigma) to detach the cells from the flask. Cells were maintained at 37 °C and 

5% CO2. Adherent CHO-K1 cells (Chinese hamster ovary cells) (ATCC) were grown in 

Glasgow’s Modified Eagle’s Medium (GMEM) (Firstlink, UK) supplemented with additional 

2 mM glutamine and 1 mM pyruvate. Cells were split by scraping and maintained at 37 °C 

and 5% CO2. CHO-K1S suspension cells (adapted from adherent CHO-K1) were grown in 

FortiCHO (Gibco) growth medium supplemented with 2 mM glutamine and 10ml/L HT 

supplement (50X stock, Gibco). Cells were split every 3-4 days and maintained in a shaking 

incubator at 37 °C and 8% CO2. Jurkat-NF-κB-GFP cells (Systems Biosciences, California, 

USA) were grown in suspension in RPMI 1640 medium (Gibco) supplemented with 10% 

FCS, 2 mM glutamine, 1 mM pyruvate and 1 mg/ml geneticin (Gibco). Cells were split every 

3-4 days and maintained at 37 °C and 5% CO2. Cell concentration was determined by using 

a coulter counter (Beckman Coulter, California, USA). 
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2.4 Transfection of mammalian cells 
 

2.4.1 Transient transfection of 293F cells for protein expression  
 

For transient transfection, 293F cells were kept at low density and split to 0.6-0.8 x 106/ml 

on the day before transfection. For transfection, 6 x 108 293F cells were collected by 

centrifugation at 491 x g for 5 mins and re-suspended in 200 ml fresh medium at 3 x 106/ml. 

800 μg of DNA was diluted to 0.5 μg/μl with medium and added to the cells in Erlenmeyer 

flasks (Corning, New York, USA) compatible with shaking incubators. Flasks were then 

incubated for 5 mins in a shaking incubator and 2.4 mg of Polyethylenimine (25 kDa linear, 

Polysciences, Germany) at 0.5 μg/μl concentration (diluted in fresh medium) was added. 

Cells were incubated overnight and 200 ml fresh medium and valproic acid sodium salt 

(Sigma; final concentration of 2.2 mM) were added to cells the following day. Cells were 

incubated for 7 days and supernatant harvested on day 7 by centrifugation at 3488 x g for 

20 mins.  

 

2.4.2 Stable transfection of CHO-K1S cells 
 

CHO-K1S cells were grown until sufficient confluency (~ 1.5 x 106/ml) on the day of 

transfection. DNA and GenePorter transfection reagent (Genlantis, San Diego, USA) were 

diluted in OPTIMEM medium (Invitrogen) as per manufacturers’ instructions and diluted 

DNA was added to the diluted GenePorter solution. For 6 well plate transfection, 2 μg 

DNA/well and 16 μl GenePorter/well were used, each being diluted in 500 μl OPTIMEM. 

The mixture was incubated at RT for 30 mins before being added to the cells. During the 

incubation, cells were harvested and 2 x 106 cells were plated per well in fresh medium. 

The DNA – GenePorter solution was added to the cells and mixed by gentle pipetting. Cells 

were incubated at 37 °C for 5 hrs and supplemented with 1ml fresh complete medium. After 

72 hrs, cells were harvested, re-suspended in selection medium (GMEM supplemented with 

10% dialysed FCS, 50 μM Methionine Sulfoximine (MSX) (Sigma) and 1X glutamine 

synthetase supplement (Sigma)) and plated into 96 well plates by two fold dilutions across 

the plates, starting with different cell densities. Cells were grown for 2-3 weeks and clones 

were tested for protein secretion by ELISA (detailed below).  
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2.4.3 Transient transfection of 293T cells 
 

Three days prior to transfection, 1x 105 cells were plated per well of a 6-well plate. The cells 

were supplemented with 4 ml fresh complete growth medium and incubated at 37 °C. On 

day 3, cells were transfected with plasmid DNA and FuGene HD transfection reagent 

(Promega) using a 3:1, FuGene to DNA ratio. 15 μl of FuGene reagent and 5 μg of plasmid 

DNA were used per well. The FuGene reagent is stored at 4 °C and it was allowed to come 

to RT before being used. A master mix of medium, plasmid DNA and FuGene reagent was 

prepared to have a final volume of 150 μl to be added per well. The mixture was incubated 

for 15 mins at RT and in the meantime, media was removed from the cells and they were 

washed with 1.5 ml of phosphate buffered saline (PBS)/well. The cells were supplemented 

with 3 ml antibiotic free growth medium and the FuGene-DNA mix was added as 150 μl per 

well. Cells were incubated at 37 °C for 72 hrs before assessing expression of the transfected 

receptor. After 72 hrs, the medium was removed, cells were washed with PBS and 1.5 ml 

of 1 mM EDTA-PBS solution was added per well to detach the cells by putting the plates on 

a rotator for approximately 15 mins. Once the cells were detached, they were harvested, 

counted by coulter counter and expression of the receptor was assessed by flow cytometry 

or western blot using the required number of cells.  

 

2.4.4 Stable transfection of Jurkat-NF-κB-GFP cells 
 

To generate stable clones expressing CD27, cells were transfected in 24-well plates. 4 x 

105 cells were plated in antibiotic free growth medium in 500 μl per well and 6 wells were 

used for each plasmid DNA with 1 μg of DNA and 2 μl of lipofectamine 2000 (Invitrogen) 

used per well. For 6 wells, 6 μg of DNA was diluted in 300 μl OPTIMEM medium. 

Simultaneously, 12 μl of lipofectamine was diluted in 300 μl OPTIMEM medium and 

solutions were incubated at RT for 5 min. Then the DNA solution was added to the 

lipofectamine solution and incubated for 20 min at RT. The DNA-lipofectamine mixture was 

then added to the cells, 100 μl/well, and cells were incubated at 37 °C for 72 hrs. After the 

incubation, cells from 6 wells were pooled and then split again into 6 wells. Two wells were 

transferred into 2 wells of a 6-well plate and supplemented with 3 ml selection medium 

(RPMI supplemented with 10% FCS, 2 mM glutamine, 1 mM pyruvate and 1 mg/ml 

geneticin) while each of the other 4 wells were diluted in 10 ml selection medium and 100 

μl/well was distributed to have 5000 to 10000 cells per well in 96-well plates (flat bottom) 

depending on the cell counts. The wells were supplemented with an extra 100 μl fresh 

medium to give a 200 μl final volume and cells were incubated for 2-3 weeks until single 
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colonies were grown. Once single clones were detected, the cells were re-suspended and 

40 μl was taken to stain with anti-CD27 mAb to detect the expression of CD27 (detailed 

below).  

 

2.5 Enzyme linked immunosorbent assay (ELISA)  
 

2.5.1 Detection of scmCD70-m1 or scmCD70-mm1 in stable CHO-K1S clone 
supernatants. 
 

For the detection of scmCD70-m1 from cell culture supernatants, 96 well plates (maxisorp 

– nunc-immuno plates, Thermo Fisher) were coated overnight at 4 °C with goat anti-mouse 

IgG antibody (Sigma – M0284) at 5 μg/ml in ELISA coating buffer (15 mM Na2CO3 and 35 

mM NaHCO3, pH 9.6). Plates were washed four times with ELISA wash buffer (PBS/0.05% 

(v/v) Tween 20) and blocked with 1% (w/v) Bovine Serum Albumin (BSA)/PBS solution for 

1 hr at RT. Plates were then washed a further four times (200 μl/well) before adding 

experimental samples or standards (recombinant mouse TIGIT-Fc (R & D Systems) in 50 

μl, which were then incubated at RT for 1.5 hrs. Standards and experimental samples were 

diluted in CHO-K1S growth medium. Then plates were washed a further four times and goat 

anti-mouse-Fc HRP antibody (Sigma – A0168) was diluted 1 in 5000 in 1% BSA/PBS 

solution and 100 μl was added per well. After 1.5 hrs incubation, plates were washed four 

times and 50 μl/well substrate was added. Substrate comprised of 1 o-Phenylenediamine 

dihydrochloride tablet (Sigma) dissolved in 25 ml citrate buffer (100 mM stock) to which was 

added 25 ml phosphate buffer (200 mM stock), 50 ml dH2O and 20 μl hydrogen peroxide 

(Merck, Germany). Plates were incubated in the dark until sufficient colour development 

was observed. The reaction was stopped using 50 μl/well 2.5 M H2SO4 and the colour 

change was quantified by measuring absorbance at 490 nm using a plate reader (Epoch - 

BioTek, Vermont, USA).   

 

2.5.2 Detection of scmCD70-m1, scmCD70-mm1 or anti-CD27 in mouse serum 
 

The same protocol described for detection of scmCD70-m1 in supernatants was used for 

detection of scmCD70-m1, scmCD70-mm1 and anti-CD27 (AT124-1, mIgG1) in mouse 

serum but with different coating and detection antibodies as listed in Table 2.1. Blood 

samples were allowed to clot and centrifuged at 15700 x g at 4 °C for 30 mins. Serum 

samples were collected and stored at -20 °C until being used. Samples and standards 
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(purified versions of the proteins to be detected) were prepared in 1%BSA/PBS and added 

to the plates in 50 μl which were pre-coated in the appropriate proteins (Table 2.1) overnight 

at 4 °C. The samples were incubated in the plate for 1.5 hrs at RT and the plates were 

washed four times with ELISA wash buffer (PBS/0.05% Tween 20). Then the detection 

antibodies (Table 2.1) were added in 100 μl 1%BSA/PBS and incubated for 1.5 hr at RT. 

The plates were again washed four times and incubated with the substrate prepared as 

described above. The signal was detected as explained in section 2.5.1. 

 

Table 2.1. Reagents used for detection of scmCD70-m1, scmCD70-mm1 and AT124-
1 by ELISA. 

Coating To be detected Detecting Antibody 
TAN 1-7 (anti-CD70 mAb, 
in-house) at 5 μg/ml 

scmCD70-m1 or  
scmCD70-mm1 

Rat anti-mouse HRP 
(Jackson Immunoresearch, 
415-035-166) at 1/5000 
dilution 

Recombinant mouse 
CD27-hFc (R&D Systems) 
at 0.5 μg/ml 

AT124-1 mIgG1 Goat anti-mouse HRP 
(Sigma A0168) at 1/5000 
dilution  

 
2.6 Protein purification  
 

2.6.1 Protein A purification of scmCD70-m1 or scmCD70-mm1  
 

For the purification of scmCD70-m1, supernatants from scmCD70-m1 secreting cells were 

harvested by centrifuging at 3488 x g at 20 mins at 4 °C and concentrated using Vivaflow 

200 concentration system (Sartorius, Göttingen, Germany). Supernatants were then filtered 

through either 0.2 μM (TPP vacuum filtration) or 0.45 μM (Millipore vacuum filtration) filters 

and supplemented with 1/5 volume of 5X TRIS/NaCl buffer (200 mM TRIS, 1M NaCl, 10 

mM EDTA). Supernatants were then passed over pre-prepared protein A columns (in house 

or MabSelect SuRe, GE Healthcare, Illinois, USA) at a flow rate of 4 ml/min, prior to washing 

the column with 1X TRIS/NaCl buffer. Protein was then eluted using Glycine-HCl pH 3.0 

(100 mM Glycine, 1 mM EDTA) buffer which was rapidly neutralized by addition of 5X 

TRIS/NaCl buffer. Elution products were concentrated and dialysed against endotoxin low 

PBS (dialysis cassettes; Thermo Fisher Slide-A-lyzer) or further purified via size exclusion 

chromatography (Fig. 2.1). The same protocol was followed for the purification of scmCD70-

mm1. 
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2.6.2 Size Exclusion Chromatography (SEC) for fractionation of scmCD70-m1 or 
scmCD70-mm1 
 

Protein A purified samples of scmCD70-m1 or scmCD70-mm1 were concentrated and 

approximately 7.5 ml of sample was injected for fractionation through a Superdex 200 

26/950 column (in-house) using a flow rate of 3 ml/min (Fig. 2.1). Selected fractions were 

pooled together and concentrated to approximately 2 mg/ml concentration before dialysis 

against endotoxin low PBS. Samples were filter sterilised (0.2 μM filter, GE Healthcare) and 

stored at -20 °C as aliquots.  For analytical SEC, 10 μg of protein was run on a Superdex 

200 5/150 GL (GE Healthcare) column with 0.3 ml/min flow rate.  

 

 

Figure 2.1. Process of expression, purification and characterisation of scmCD70-m1. 
Once CHO-K1S clones were generated, a single clone was expanded for the appropriate 
time period in a shaking incubator. Then supernatant was harvested, concentrated down to 
a small volume (~150 ml) and scmCD70-m1 protein was purified using protein A 
chromatography. The purified samples were concentrated and fractionated by using SEC 
to isolate dimer-of-trimer fraction. The dimer-of-trimer fractions from multiple SEC runs were 
combined and concentrated down to ~2mg/ml and dialysed into PBS before further 
characterisation which included SDS-PAGE and analytical SEC to confirm purity, surface 
plasmon resonance to confirm binding to CD27 and in vivo T-cell proliferation assay to 
confirm activity.  
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2.6.3 YTA 3.1.2 column for purification of mCD4-CD70 trimer 
 

To purify the mCD4-CD70 trimer (produced in 293F cells), 16 mgs of YTA 3.1.2 (anti-mCD4 

mAb, in-house) in PBS was dialysed against 0.2 M citrate pH 6.5 and coupled with 1 gr of 

cyanogen bromide (CnBr) activated sepharose 4B beads (GE Healthcare). To activate the 

beads, 1 gr of beads were added to 200 ml 10 mM HCl for 20 mins at RT, poured into a 

sintered glass filter and washed with 500 ml of 10 mM HCl and 500 ml of 0.2 M citrate. 

Beads were collected and mixed with the antibody solution (YTA 3.1.2) and left on a rotator 

for 4 hrs at RT. The solution then passed through the sintered glass filter and beads were 

collected to be mixed with 15 ml of 1M ethanolamine pH 9.5 for 1 hr on a rotator at RT. The 

solution was then passed on to a sintered glass filter and beads washed with 100 mM Tris, 

glycine pH 3.0 and 100 mM Tris solution again (250 ml each). Beads were then collected 

into a tube and stored in 100 mM Tris solution at 4 °C. To set up a column, a 20 ml syringe 

tube was used. First, glass wool was inserted, followed by a filter paper, then the coupled 

bead solution and filter paper again. After attaching the tubing, the column was washed with 

100 mM Tris, 30 mM Tris, glycine pH 3.0 and 30 mM Tris solution again before use.  

 

The supernatant from cells secreting mCD4-CD70 was applied to the column at 0.5 ml/min 

flow rate. After running the supernatant through the column, the column was washed with 

10X column volume (CV) low salt solution (150 mM NaCl, 30 mM Tris, 1.5 mM EDTA), 10X 

CV high salt solution (500 mM NaCl, 100 mM Tris, 5 mM EDTA) and 10X CV low salt 

solution again. The bound protein was then eluted by running a glycine solution pH 3.0 

through the column. Once the acid solution started coming off the column (detected by pH 

indicator paper), 40 x 1 ml fractions were collected and neutralised by addition of 100 μl 2M 

Tris pH 8.0. The absorbance at 280 nm of each fraction was measured via a NanoDrop 

spectrophotometer to identify fractions containing protein; these were then pooled and 

concentrated. Samples were concentrated using a 10 kDa membrane concentrator tube 

(Sartorius) and centrifuging at 1962 xg at 4 °C.  

 

2.7 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 
 

To visualise protein products and ensure proteins were of the expected size, 10 μg of 

protein was loaded/lane into Nu-PAGE or Bolt Bis-Tris gels (Thermo Fisher). Samples were 

run under reducing and non-reducing conditions with dithiothreitol (DTT, Thermo Fisher) at 

a final concentration of 50 - 62.5 mM used as the reducing agent. Reaction mixtures diluted 
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in 4X laemmli buffer (62.5 mM Tris pH 6.8, 2% SDS, 10% glycerol, 0.04% bromophenol 

blue) were prepared, boiled at 95 °C for 5 min, cooled and loaded into the gels. Gels were 

run in 3-(N-morpholino) propane sulfonic (MOPS) buffer at 100 - 150 V for 1 – 1.5 hr using 

Novex sharp pre-stained protein standard (Thermo Fisher) as a size marker. Gels were 

then fixed for 15 mins in gel fixative solution (25% isopropanol, 10% acetic acid in dH2O), 

stained with Coomassie brilliant blue solution (10% acetic acid, 0.006% Coomassie brilliant 

blue (Sigma) in dH2O) for 30 mins and destained with 10% acetic acid in dH2O before 

imaging using a GelDoc XR imager and Quantity One software.  

 

2.8 Western Blot 
 

293T cells were transiently transfected with the appropriate plasmid DNA (see section 

2.4.3). After 72 hrs, cells were harvested by removing the supernatant, washing with PBS 

and detaching the cells with 1mM EDTA-PBS solution (as described in section 2.4.3). The 

cells were then centrifuged at 1520 xg for 5 mins to discard the supernatant containing 

EDTA. Another PBS wash was performed and supernatant was discarded before re-

suspending cells in 1X RIPA (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium 

deoxycholate, 0.1% SDS) buffer (supplemented with 1X protease inhibitors (Roche, Basel, 

Switzerland) and 1X phosphatase inhibitors (Roche)) at a ratio of 1 x 106 cells in 10 μl buffer. 

The cells were incubated on ice for 30 mins and mixed by vortexing every 10 mins. Cell 

lysates were then centrifuged at 15700 xg for 5 min at 4 °C and supernatants collected and 

stored at -20 °C. In order to perform the western blot, samples were prepared under reduced 

(appropriate volume of lysate, 50 mM final DTT concentration, 7.5 μl 4X laemmli buffer and 

PBS to a final volume of 30 μl) and non-reduced conditions (as reduced but without DTT), 

boiled at 95 °C for 5 mins and loaded onto a 10% Nu-PAGE Bis-Tris gel. The gel was run 

at 100-120 V for 1.5 hrs in MOPS running buffer. The gel was then removed from the 

cassette and transferred into transfer buffer (1X Nu-PAGE transfer buffer (20X stock, 

Thermo Fisher) with 10% final methanol concentration in dH2O) and left on rotor for 20 min. 

In parallel, a transfer membrane (immobilon-P, Merck) was activated in pure ethanol for 15 

sec, washed with dH2O for 10 mins and transferred into transfer buffer for another 10 mins 

on a rotor at RT. The transfer apparatus was then assembled appropriately to enable 

proteins to be transferred from the gel to the activated membrane. Membrane and gel were 

incubated together in transfer buffer by running at 100 V for 1 hr in a cooled environment. 

The membrane was removed and washed with 20 ml wash buffer (10 mM TRIS, 150 mM 

NaCl, 0.1% Tween20, pH 7.6-8.0) for 5 mins before being blocked with wash buffer 

containing 5% milk for 1 hr at RT. After blocking, the membrane was washed again for 5 
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mins with wash buffer and primary antibody solution (AT124-1 rIgG2a, in-house) was added 

in wash buffer/5% milk at 5 μg/ml and allowed to incubate overnight (~ 17 hrs) at 4 °C, prior 

to being washed 3 times for 10 mins with 20 ml wash buffer each. The membrane was then 

incubated with anti-rat secondary antibody (GE Healthcare NA935V, 1/5000 dilution) in 

wash buffer/5% milk for 1 hr at RT. Finally the membrane was washed 3 times and 

incubated with ECL substrate (Thermo Fisher) according to manufacturer’s instructions for 

5 min in the dark before being transferred into a cassette to be overlaid with a film 

(Amersham hyperfilm ECL, GE Healthcare). The film was developed using a Compact X4 

(Xograph, Stonehouse, UK) film processor according to manufacturers’ instructions.  

 

2.9 Surface Plasmon Resonance (SPR) 
 

2.9.1 Determining binding of scmCD70-m1 to CD27 
 

To confirm binding between scmCD70-m1 and recombinant mouse CD27, SPR analysis 

was performed (using Biacore T100; GE Healthcare). First an anti-human Fc chip was 

prepared by amine coupling of anti-human IgG into a CM5 sensor chip (GE healthcare) 

following manufacturers’ instructions. scmCD70-m1 solutions were prepared at 10 μg/ml 

and first passed through the flow cell to confirm minimal background binding to the anti-

human Fc bound chip. Recombinant mCD27-hFc (R&D systems, Minnesota, USA) was 

then passed through the anti-human Fc chip for binding, which was followed by the injection 

of the scmCD70-m1 for binding to the rmCD27-hFc (Fig. 2.2.A). All samples were prepared 

in HBS-EP+ running buffer (GE Healthcare) and every injection was performed for 5mins at 

10 μl/min flow rate. The chip was regenerated with 3M MgCl2 for 30 sec at 10 μl/min flow 

rate. Binding was detected using Biacore Bioevaluation software (Biacore). The same 

protocol was followed for determining binding of purified mCD4-CD70 to CD27 and also 

when supernatants from clones were tested. 
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Figure 2.2. Schematic of SPR analysis examining scmCD70-m1 binding to CD27 or 
FcγR. (A) An anti-human IgG chip was used to capture rmCD27-hFc and then scmCD70-
m1 was injected to determine binding to rmCD27-hFc captured on the chip. (B) scmCD70-
m1 was directly immobilized onto the CM5 sensor chip and FcγR solutions were injected to 
determine binding to scmCD70-m1.  

 
2.9.2 Determining binding of proteins to FcγR 
 

To determine binding to FcγRs, scmCD70-m1 and control antibodies were immobilized onto 

a CM5 sensor chip via amine coupling according to manufacturers’ instructions and 

approximately 2000-3000 response units (RU) was reached. Recombinant mouse FcγRs 

(R&D Systems) were then injected (Fig. 2.2.B) at appropriate concentrations with 5 mins 

association, 30 μl/min, and 10 mins dissociation rates. The outcome was detected via the 

Biacore Bioevaluation software. 

 

2.9.3 Determining binding of proteins to FcRn 
 

To examine the binding of scmCD70-m1 to FcRn and compare to binding of anti-CD27 mAb 

to FcRn, scmCD70-m1 or anti-CD27 proteins were immobilized onto the flow cells of a CM5 

sensor chip via amine coupling according to manufacturers’ instructions and approximately 

2000 RU was reached. FcRn interacts with target proteins at acidic pH (pH 6.0) (219) and 

SPR running buffer, HBS-EP+, was therefore prepared at pH 6.0. Different concentrations 

of recombinant mouse FcRn (R&D systems) were prepared in the pH 6.0 buffer and injected 
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onto the chip with 3 mins association and 5 mins dissociation time at 30 μl/min flow rate. 

After every injection, HBS-EP+ buffer at pH 7.4 was used as the regeneration buffer. The 

outcome was detected via the Biacore Bioevaluation software. 

 

2.10 Glycosylation analysis by ultra-high-performance liquid chromatography 
(UPLC) 
 

Glycosylation analysis of proteins was performed in collaboration with Prof Max Crispin’s 

laboratory (University of Southampton) where PhD student Joel Allen performed the 

analysis. To analyse the relative amounts of each oligomannose-type glycan for the total 

population of N-linked glycans expressed on a given protein, 20 μg of each sample was 

initially subjected to SDS-PAGE. Then the band corresponding to the protein of interest was 

excised and washed with 100% acetonitrile (1 ml) followed by a wash in ultra-pure H2O (1 

ml) which was repeated three times. Then the gel sample was incubated with 5 μg of 

Peptide N-glycosidase F (PNGase F) (New England Biolabs (NEB), Massachusetts, USA) 

in 100 μl PBS solution for 16 hrs at 37 °C to digest the N-linked glycans expressed on the 

protein of interest.  The released glycans were then labelled with the fluorescent label 

procainamide (Abcam, Cambridge, UK) in 100 μl labelling solution (110 mg/ml 

procainamide, 60 mg/ml sodium cyanoborohydride in 30% DMSO, 70% acetic acid) for 4 

hrs at 65 °C. The labelled glycans were then purified using Spe-ed Amide cartridges 

(Applied Separations) and an aliquot was kept to be analysed. Simultaneously, in order to 

determine the relative abundance of oligomannose-type glycans, an aliquot of fluorescently 

labelled glycans was subjected to digestion with Endoglycosidase H (Endo H) (NEB) for 16 

hrs at 37 °C. The Endo H was then removed using a polyvinylflouridine membrane (Merck) 

and the resultant glycans were analysed. Glycans were analysed on a Waters Acquity H-

Class UPLC instrument with a Glycan BEH Amide column (2.1 mm x 100 mm, 1.7 μM, 

Waters, Manchester, UK) and the following gradient: time (t) = 0: 22 % A, 78 % B (flow rate 

= 0.5 ml/min); t = 38.5: 44.1 % A, 55.9 % B (0.5 ml/min); t = 39.5: 100 % A, 0 % B (0.25 

ml/min); t = 44.5: 100 % A, 0 % B (0.25 ml/min); t = 46.5: 22 % A, 78 % B (0.5 ml/min), 

where solvent A was 50 mM ammonium formate (pH 4.4) and B was acetonitrile. 

Fluorescence was measured at an excitation wavelength of 310 nm and an emission 

wavelength of 370 nm. Data were processed using Empower 3 software (Waters). 
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2.10.1 Endo H treatment 
 

2.10.1.1 Non-denaturing 
 

For analytical digestion of proteins with Endo H, 10 μg of protein (in PBS) was diluted in 

0.1M NaOAc (sodium acetate) pH 5.2 and enzyme (amount indicated in figures and 

legends) was added in 20 μl total reaction volume. The reaction was incubated at 37 °C for 

1 or 3 hrs. Then samples were topped up with 7.5 μl of 4X laemmli buffer, an appropriate 

volume of DTT to a final concentration of 50 mM and dH2O to a final volume of 30 μl. 

Samples were then boiled at 95 °C for 5 min and half (5 μg of protein) of the sample was 

loaded into a 10% Bolt Bis-Tris Plus gel. The gel was run in MOPS running buffer at 100-

130 V for ~ 2 hrs and stained with Coomassie brilliant blue.  

 

For large scale digestion, the required amount of proteins (10-20 mgs) were dialysed into 

0.1M NaOAc pH 5.2 solution by performing 5 x 1L dialysis over 3-4 hrs. Then the solution 

was rescued from the dialysis cassette (using a cassette with a 10 kDa cut-off) and 5 units 

of Endo H per μg of protein was added. The reaction was incubated at 37 °C for 

approximately 4 hrs. Then the solution was dialysed against 5L PBS with 5 x 1L dialysis 

over 20 hrs. The enzyme activity was confirmed by running 10 μg of protein on a gel under 

reduced conditions next to an untreated sample to confirm the shift in band size (as 

described above). 

 

2.10.1.2 Denaturing 
 

For denaturation, 10 μg of protein (in PBS), 1 μl of glycoprotein denaturing buffer (10X 

stock, 5% SDS, 400 mM DTT, NEB) and dH2O were combined to make a 10 μl reaction 

volume. The reaction was incubated at 100 °C for 10 mins and then placed on ice. The 

sample was briefly centrifuged and 2 μl of glycobuffer 3 (10X stock, 500 mM sodium 

acetate) an appropriate volume of dH2O and an appropriate volume of Endo H for the 

required amount of enzyme was added to make a 20 μl final volume. The reaction was 

incubated at 37 °C for 1 or 3 hrs and results were analysed by SDS-PAGE under reduced 

conditions. For this, 7.5 μl of 4X laemmli buffer, an appropriate volume of DTT to have a 

final concentration of 50 mM and dH2O to a final volume of 30 μl were added to the sample. 

The mix was boiled at 95 °C for 5 mins and half (5 μg of protein) of the sample was loaded 
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into a 10% Bolt Bis-Tris Plus gel. The gel was run in MOPS running buffer at 100-130 V for 

~2 hrs and stained with Coomassie brilliant blue.  

 

2.10.2 PNGase F treatment 
 

2.10.2.1 Non-Denaturing 
 

In order to assess PNGase F activity against the native form of the scmCD70-m1 protein, 

10 μg of protein was incubated with 100 or 1000 units of enzyme in a 20 μl reaction which 

included 1X glycobuffer 2 (10X stock, 500 mM sodium phosphate, NEB) and dH2O. The 

reactions were carried out for 4 or 24 hrs at 37 °C for comparison. To visualise the products, 

7.5 μl of 4X laemmli buffer, an appropriate volume of reducing agent (DTT) to a final 

concentration of 50 mM and dH2O were added to the samples to a final volume of 30 μl. 

The samples were then boiled at 95 °C for 5 mins and half (5 μg of protein) of the sample 

was loaded into a 10% Bolt Bis-Tris Plus gel. The gel was run in MOPS running buffer at 

100-130 V for ~2 hrs and stained with Coomassie brilliant blue. 

 

2.10.2.2 Denaturing 
 

For denaturation, 10 μg of protein (in PBS), 1 μl of glycoprotein denaturing buffer and dH2O 

were combined to make a total of 10 μl reaction volume. The reaction was incubated at 100 

°C for 10 mins and then placed on ice. The sample was briefly centrifuged and 2 μl of 

glycobuffer 2, 2 μl of 10% NP-40, 6 μl dH2O and appropriate volume of PNGase F for the 

required amount of enzyme was added. The reaction was incubated at 37 °C for 3 hrs and 

results were analysed by running SDS-PAGE under reduced conditions. 7.5 μl of 4X 

laemmli buffer, an appropriate volume of DTT to a final concentration of 50 mM and dH2O 

to a final volume of 30 μl were added to the sample. The sample was then boiled at 95 °C 

for 5 mins and half (5 μg of protein) of the sample was loaded into a 10% Bolt Bis-Tris Plus 

gel. The gel was run in MOPS running buffer at 100-130 V for ~2 hrs and stained with 

Coomassie brilliant blue.  
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2.11 Stable Jurkat clone screening 
 

Once single clones were apparent in 96-well plates, ¼ of the cells were harvested (by gentle 

pipetting) and washed with 1 ml 0.1% (w/v) BSA/PBS. Then cells were re-suspended in 100 

μl 0.1% BSA/PBS and anti-CD27 primary antibody directly added to the solution. Primary 

antibodies used were either AT124-1 (in-house, mIgG1) at 10 μg/ml or commercial LG.3A10 

antibody (directly labelled with PE, BD Biosciences, New Jersey, USA) at 2 μg/ml. The cells 

were incubated with the primary antibody for 30 mins at 4 °C and washed 2 times with 1 ml 

0.1% BSA/PBS (cells incubated with AT124-1) or PBS (cells incubated with LG.3A10) by 

centrifuging at 491 xg for 5 mins. The cells incubated with LG.3A10 were analysed by flow 

cytometry at this point. The cells stained with AT124-1 were further incubated with the anti-

mouse secondary antibody (Jackson Immunoresearch 115-136-071, 1/200 dilution) for 30 

mins at 4 °C in 100 μl 0.1% BSA/PBS solution. The cells were then washed 2 times with 1 

ml PBS and analysed via flow cytometry. The samples were analysed by using BD 

FACSCanto II (BD Biosciences).   

 

2.12 Sorting of Jurkat-NF-κB-GFP cells stably transfected with CD27 
 

Jurkat-NF-κB-GFP cells were harvested and centrifuged at 491 x g for 5 mins to discard the 

supernatant. The cells were transferred into sterile polystyrene round bottom tubes 

(Corning) and washed 2 times with 0.1% BSA/PBS solution (3 ml each) by centrifuging at 

491 x g for 5 min. Then the cells were re-suspended in the appropriate volume of 0.1% 

BSA-PBS solution containing the directly conjugated anti-CD27 antibody. The cells were 

re-suspended at a density of 1 x 107 cells/ml with 1 μg/ml antibody concentration. Cells were 

incubated with the antibody for 30 mins at 4 °C and washed 3 times with 1% FCS/PBS 

solution (3 ml each). Cells were finally re-suspended at a density of 1 x 107 cells/ml in 1% 

FCS/PBS solution to be used for sorting. Collection tubes were prepared by using pure FCS 

solution (100 μl/tube) to prevent the cells drying and rupturing when collected during sorting. 

Cell sorting was carried out by a trained user at the faculty of medicine flow cytometry facility 

(University of Southampton) using BD FACSAria cell sorter (BD Biosciences). 

Approximately 70000 cells were collected after sorting which were then washed 2 times 

with growth medium and were plated into a well of a 6-well plate with selection antibiotic to 

recover.   
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2.13 Stimulation and activation of CD27 transfected Jurkat-NF-κB-GFP cells 
 

To investigate the activation of Jurkat-NF-κB-GFP cells stably transfected with CD27 (see 

section 2.4.4), cells were re-suspended in fresh growth medium at the required density 

(indicated in the figure legends) and added into the wells of 96-well plates (U bottom). In 

parallel, control or CD27 targeting proteins were prepared separately in growth medium at 

the required concentrations (indicated in figure legends) and added to the wells. Cells were 

incubated for 6 hrs at 37 °C. Then the plate was centrifuged at 1363 xg for 2 min to pellet 

the cells and the supernatant was discarded. Cells were then washed with 200 μl/well PBS 

again by centrifuging and finally cells were re-suspended in 80 μl PBS to be analysed by 

flow cytometry using the expression of GFP as the outcome of activation.  

 

To co-culture the Jurkat-NF-κB-GFP transfectants with CHO-K1 cells expressing FcγRIIB, 

Jurkat-NF-κB-GFP cells and proteins were prepared as described above. The CHO-K1 cells 

are adherent and they were harvested by trypsin-EDTA (1.5 ml for a T25 flask) and washed 

with excess media by centrifuging at 491 x g for 5 mins. Cells were then re-suspended in 

growth medium at the required density to have a 1:1 ratio with the Jurkat-NF-κB-GFP cells. 

Jurkat-NF-κB-GFP cells, CHO-K1 cells and proteins were distributed onto a 96-well plate 

(flat bottom) and incubated for 6 hrs at 37 °C. Then Jurkat-NF-κB-GFP cells were 

transferred into a U-bottom 96-well plate, leaving most of the adherent CHO-K1 cells in the 

flat bottom plate, and centrifuged to discard the supernatant. The cells were washed with 

200 μl/well PBS again by centrifuging and finally re-suspended in 80 μl PBS to be analysed 

by flow cytometry by using the expression of GFP as the outcome of activation. 

 

2.14 Titration of scmCD70-m1 binding to WT or DM CD27 
 

To generate a titration curve of scmCD70-m1 binding to CD27 transfected Jurkat-NF-κB-

GFP cells, cells were harvested, centrifuged and supernatant discarded. Cells were then 

re-suspended in 0.1% BSA/PBS solution and 50 μl/well distributed to have 2 x 105 cells per 

well. The ligand and isotype control were also prepared separately in a 96-well plate (U-

bottom) and ½ dilutions were performed starting from a final 10 μg/ml concentration as the 

highest concentration. The cells were then added to the 96-well plate already prepared with 

ligand and isotype concentrations. The final volume per well was 100 μl with 2 x 105 cells 

and 10 μg/ml as the highest concentration and 0.0097 μg/ml as the lowest concentration. 

The cells were incubated with the proteins for 1 hr at 4 °C, washed 3 times with 200 μl/well 
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0.1% BSA/PBS and then re-suspended in 100 μl 0.1% BSA/PBS solution containing 1/200 

dilution of the anti-mouse secondary antibody (Jackson Immunoresearch, 115-136-071). 

Cells were incubated for 30 mins at 4 °C, washed 3 times with 200 μl/well PBS and finally 

re-suspended in 80 μl PBS prior to analysis on a flow cytometer.  

 

2.15 T-cell activation assay - 3H-thymidine incorporation 
 

To assess the capacity of scmCD70-m1 to influence T-cell activation in vitro, spleens were 

harvested from wild type (WT) C57BL/6 mice. Single cell suspensions prepared by passing 

through a nylon mesh cell strainer (100 μm, Corning) and cells washed twice with 20 ml 

PBS by centrifuging at 368 x g for 5 mins and discarding supernatant. Cells were then re-

suspended in 5 ml red cell lysis buffer (8.4g NH4Cl, 1g KHCO3/L) and incubated for 5 mins 

at RT before the addition of 10 ml PBS and centrifugation. After discarding the supernatant, 

cells were washed twice with RPMI 1640 medium and re-suspended in 5 ml complete 

medium (RPMI 1640 supplemented with 10% FCS, 2 mM glutamine, 1 mM pyruvate, 100 

µg/ml streptomycin, 100 units/ml penicillin and 50 μM 2-mercaptoethanol (Sigma)). After 

counting using a coulter counter or haemocytometer, 2 x 105 cells per well in 100 μl were 

plated in U shaped 96 well plates. Agonist anti-CD3 mAb (145-2C11, in house) was added 

in 50 μl at the concentrations indicated in figures. Finally additional agonistic mAb or 

scmCD70 fractions were added in 50 μl at the concentrations indicated in figure legends. 

Cells were incubated at 37 °C and 5% CO2 in a humidified incubator for 48 hrs and then 

pulsed with 1 microcurie/well of 3H-thymidine before incubation at 37 °C overnight (~17 hrs). 

The following day, cells were lysed using a harvesting system and lysates transferred to 

filter plates (Opti-plate-96, Perkin Elmer, Massachusetts, USA). Scintillant fluid (40 μl/well) 

(Perkin Elmer) was added and incorporation of 3H-thymidine into proliferating cells was 

measured in a β-emission counter. 
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2.16 Mice 
 

OT-1 transgenic mice in which T cells are specific for the OVA-derived peptide have been 

described previously (220). OT-1, WT, FcγRIIB KO, FcγR1,2,3,4 KO  C57BL/6 and WT 

BALB/c mice were maintained in the Biomedical Research Facility unit of University of 

Southampton. For experiments, mice were age and sex matched. For OT-1 expansion and 

BCL1 studies, 8-10 weeks old mice were used as recipients. All in vivo experiments were 

performed under project licence PA4C79999 and under personal licence IE7C34E6C. All 

experimental work was approved by local ethics committee and was conducted in 

accordance with UK Home Office Guidelines.  

 

2.17 In vivo experiments 
 

2.17.1 OT-1 T-cell expansion 
 

To determine the effect of CD27 agonists on T-cell activation in vivo, OT-1 TCR transgenic 

mice were used. In these experiments, T cells from OT-1 transgenic mice in PBS were 

adoptively transferred into WT, FcγRIIB KO and FcγR1,2,3,4 KO C57BL/6 recipients by 

intravenous (i.v.) injection on day -1. T cells were obtained from the spleens of sex-matched 

OT-1 mice and were passed through a nylon mesh cell strainer (100 μm) before use. To 

calculate the numbers of OT-1 cells present in the total splenocytes and confirm that they 

are naïve T cells, an aliquot of spleen cells was stained with anti-mouse CD8a antibody 

(eBioscience, Thermo Fisher, clone 53-6.7), OVA257-264 tetramer-PE (in-house), anti-mouse 

CD62L antibody (eBioscience, clone MEL-14) and anti-mouse CD44 antibody 

(eBioscience, clone IM7). Approximately 0.5 x 106 cells were blocked with 10 μg/ml 2.4G2 

(in-house, blocks non-specific binding to Fc receptors) in 100 μl 0.1% BSA/PBS for 15 mins 

at 4 °C. Then cells were stained with additional 100 μl 0.1% BSA/PBS with 1 μg/ml anti-

mouse CD8a-APC,  1 μg/ml anti-mouse CD62L-eFluor450, 2.5 μg/ml anti-mouse CD44-

FITC and 0.5 μl OVA257-264 tetramer-PE for 30 mins at 4 °C in dark. Cells were then red cell 

lysed by incubating with 2 ml of red cell lysis buffer for 5 mins at 4 °C and washed twice 

with 4 ml of PBS. Samples were then analysed using BD FACS Canto II where a CD44low 

CD62Lhigh profile indicated that the cells were naïve T cells. 

 

In some experiments, CD8+ T cells from OT-1 transgenic mice were first purified before 

adoptive transfer. For CD8+ T cell purification, a MACS Miltenyi Biotec CD8a (Ly-2) 
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MicroBeads kit was used according to manufacturers’ instructions. The purity of the cells 

was confirmed by comparison with unpurified population of splenocytes by staining with 

anti-CD8a and OVA257-264tetramer-PE and analysing by flow cytometry. For this, an OT-1 

spleen was harvested and processed to obtain a homogeneous single cell population. 

Approximately 0.5 x 106 cells were stained as described above and analysed using BD 

FACS Canto II. After confirming the abundance of CD8+Tet+ cells, CD8+ T cells were purified 

as a single cell population. At this stage, again approximately 0.5 x 106 cells were stained 

in the same order as above (before purification) and analysed using BD FACS Canto II. 

Purity was always > 95%.  

 

After adoptive transfer of either total OT-1 splenocytes or purified CD8+ T cells from OT-1 

transgenic mice, recipient mice were challenged with 30 nmol OVA257-264 peptide 

(SIINFEKL) (Peptide Protein Research Ltd, Fareham, UK) in combination with 200 μg or 

250 μg (indicated in figure legends) control, scmCD70-m1, scmCD70-mm1 or anti-CD27 

mAb (AT124-1). All injections were performed intravenously. Expansion of the adoptively 

transferred CD8+ T cells was detected by collection of peripheral blood at appropriate time 

points and performing flow cytometry staining. To examine the expansion of adoptively 

transferred OT-1 T cells, peripheral blood samples (20 μl) collected from mice were made 

up to 100 μl in 0.1% BSA/PBS and blocked with 10 μg/ml 2.4G2 for 15 mins at 4 °C. Then 

cells were stained with additional 100 μl 0.1% BSA/PBS with 1 μg/ml anti-mouse CD8a and 

OVA257-264tetramer-PE or anti-mouse CD45.1 (eBioscience – clone A20) for 30 mins at 4 °C 

in dark. Cells were then red cell lysed by incubating with 2 ml of red cell lysis buffer for 5 

mins at 4 °C and washed twice with 4 ml of PBS. Samples were then analysed using BD 

FACS Canto II. 

 

In order to assess the magnitude of the memory T-cell pool, the primary response was 

allowed to contract to approximately 1% of OT-1 T cells forming the CD8+ population. Then 

mice received intravenous injection of 30 nmol OVA257-264 peptide in combination with 50 μg 

anti-CD40 (3/23, rIgG2a) as an adjuvant. The expansion of the OT-1 T cells was monitored 

by obtaining peripheral blood samples at appropriate time points and performing flow 

cytometry staining as detailed above. 
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2.17.2 BCL1 tumour model 
 

To investigate the ability of CD27 agonists to stimulate tumour rejection, mice were 

challenged with a large dose of the BCL1 tumour and treated with the proteins indicated in 

the figures. BCL1 tumour was maintained by serial passage through mice and localises to 

the spleen resulting in splenomegaly in terminal mice. On the day of tumour challenge, a 

terminal spleen was therefore harvested from a previously BCL1-challenged WT BALB/c 

female mouse. The spleen was passed through a nylon mesh cell strainer (100 μm) in 20 

ml PBS. Then 20 ml cell suspension was split into two with each 10 ml being added to 10 

ml lymphoprep (Alere technologies, Oslo, Norway) solution by gentle pipetting, making sure 

that the solutions stay separated. The solutions were centrifuged at 872 xg for 20 min with 

gentle acceleration and deceleration of the centrifuge. Then each buffy coat containing the 

BCL1 cells was transferred into a tube with 25 ml PBS and washed by centrifuging at 491 

xg for 5 min with normal acceleration and deceleration. The supernatant was discarded and 

tumour cells washed again with 20 ml PBS. Cells were re-suspended in 8 ml PBS and 

counted using a coulter counter, using zapoglobin (Beckman Coulter) to lyse the red blood 

cells. Cells were then diluted accordingly in PBS to inject 5 x 106 BCL1 cells per mouse in 

200 μl by i.v. injection. Mice additionally received injections of endotoxin low control or CD27 

agonist proteins as outlined in the relevant figure legends. 

 

2.18 Endotoxin testing  
 

All reagents throughout were prepared in endotoxin low buffers However, to be certain, 

proteins were additionally directly tested for contamination with endotoxin. For this, 

Endosafe-PTS portable test system cartridges (Charles River, Massachusetts, USA) using 

limulus amoebocyte lysate reagents were used. In brief, a 1 in 10 dilution of the test sample 

was prepared in sterile water and tested in the cartridges according to manufacturers’ 

instructions. A value was obtained per mg of protein and 5 endotoxin units (EU) per mg of 

protein was used as the cut-off to consider the samples as endo low. All CD27 agonists 

described in this thesis which were used in in vivo experiments were endotoxin low. 
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2.19 Statistical analysis 
 

Statistical analyses were performed using GraphPad Prism software (7.03). Unpaired 

Student’s t test (two-tailed), one-way ANOVA, two-way ANOVA or Log-rank test for survival 

analysis were used to calculate statistical differences. P values are indicated in the figure 

legends; ns: not significant, *= p<0.05, **= p<0.01, ***= p<0.001, ****= p<0.0001.
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Chapter 3 Generation of scmCD70-m1 
 

3.1 Introduction 
 

Previously in the laboratory, a version of recombinant soluble CD70 was developed. This 

comprised the Fc domain of human IgG1 (hinge, CH2 and CH3 domains) fused to the 

extracellular domain of mouse CD70. The structure can be seen in Figure 3.1 where CD70 

domains form non-covalent trimers and by the interaction of Fc domains, a hexameric ligand 

domain is formed. The recombinant protein enhanced the proliferation of T cells in 

combination with peptide stimulation (signal 1) and improved effector cytokine production 

in vitro. Additionally, in combination with OVA257-264 peptide immunisation it enhanced the 

expansion of adoptively transferred OT-1 T cells in vivo, improved their cytotoxic capacity 

and contributed to a greater secondary response (200).  

 

However this first generation soluble CD70 protein formed higher-order structures and was 

rapidly cleared from the circulation. Potentially the higher-order structures were the result 

of the formation of multiple disulphide bonds between the Fc domains. The protein was also 

rapidly cleared potentially due to steric hindrance and the Fc domain not properly interacting 

with FcRn. Therefore the aim of this chapter was to synthesise a new generation scmCD70-

m1 protein with a more homogeneous structure and improved half-life. A schematic diagram 

showing what I aim to manufacture is shown in Figure 3.1. The recombinant protein will be 

tested for its ability to interact with recombinant mouse CD27, induce in vitro T-cell 

activation/proliferation and if active, will be tested in vivo to stimulate the expansion of 

adoptively transferred T cells.  
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Figure 3.1. First generation soluble CD70 and new generation scmCD70-m1 
structures. A hexameric ligand structure with three Fc domains for first generation sCD70 
and a hexameric ligand structure with one Fc domain for scmCD70-m1 are illustrated. The 
orientation of hinge and CH2, CH3 domains in Fc are different for each protein. N-termini 
and C-termini are indicated on the figure. The disulphide bonds in the hinge region are also 
indicated. First generation CD70 protein was made up of fusing human IgG1 Fc domain 
directly with the CD70. The Fc domain had the WT hinge at the N-terminus and a modified 
hinge (lacking disulphide bonds) was conjugated to CD70 domain. For scmCD70-m1, The 
Fc domain of mouse IgG1 was conjugated to single chain CD70 trimer (each domain 
separated by 3xGGGS linkers) with a linker consisting of an XbaI restriction site and GGGS 
linker. The scmCD70-m1 domains are detailed in Figure 3.2. For sequence of scmCD70-
m1, see Appendix Fig. 1. 
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3.2 Results 
 
3.2.1 Cloning of scmCD70-m1 
 

To generate a construct incorporating three copies of CD70 fused to a single Fc domain, 

Pubmed – Nucleotide tool (https://www.ncbi.nlm.nih.gov/nuccore) was used to identify 

sequence encoding murine CD70 (sequence NM_011617.2) and the murine IgG1 hinge, 

CH2 and CH3 domains (sequence LT160964). The construct was produced to reduce the 

number of Fc domains from 3 to 1 in a hexameric ligand protein (Fig. 3.1). A composite 

DNA sequence was generated in Seqbuilder (DNASTAR, Wisconsin, USA) to incorporate 

a sequence encoding three copies of the extracellular domain of murine CD70, each 

separated by a sequence encoding a short linker (3xGGGS; chosen based on flexibility and 

predicted lack of a strong secondary structure (221, 222)) upstream of a sequence encoding 

2xGGGS, an XbaI site, an additional GGGS linker and sequence encoding the murine IgG1 

Fc hinge region, CH2 and CH3 domains (Fig. 3.2.A).The  sequence was designed to 

incorporate a leader peptide (taken from the heavy chain of mouse anti-tumour associated 

glycoprotein 72 mAb) upstream to enable secretion from the cells and was flanked by 

unique restriction sites HindIII and EcoRI. This entire sequence (see Appendix Fig. 1) was 

ordered commercially and was provided in pcDNA3.1 (+) plasmid DNA (Fig. 3.2.B).  

In order to produce stable clones for large scale production of scmCD70-m1, the insert was 

cloned into the pEE14 expression vector using the unique restriction sites of HindIII and 

EcoRI (see Appendix Fig. 4). The vector pEE14 contains a glutamine synthetase (GS) 

minigene (Fig. 3.2.B) such that transfected cells which cannot normally grow in glutamine 

deficient medium are rescued by the expression of glutamine synthetase (223). The 

scmCD70-m1-pcDNA3.1 (+) was therefore double digested with HindIII and EcoRI for 2 hrs 

and products run on a 1% agarose gel (Fig. 3.3.A). The pEE14 vector was sequentially 

digested; first with EcoRI for 2.5 hrs (Fig. 3.3.B) and then with HindIII for 2 hrs (Fig. 3.3.C) 

and the products were run on 0.7% agarose gel. The gels were prepared with addition of 

EtBr and DNA bands were visualised using a UV light source. The insert from the pcDNA3.1 

(+) vector ran at the expected size (2.3 kbp) and was isolated and cleaned from the gel. 

The digested pEE14 plasmid (9.4 kbp) was cleaned in solution in parallel and the DNA from 

both preparations was quantified by spectrometry. The products were then ligated together 

at a 3:1 insert to vector molar ratio at RT for 3 hrs and transformed into OneShot TOP10 

cells. Individual colonies were grown on LB plates supplemented with amp to select only 

those clones successfully transformed with the pEE14 vector. Six colonies were then further 

grown in LB-amp in 5 ml cultures for 17 hrs and DNA isolated using commercial kits. DNA 
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was isolated in a volume of 50 μl and quantitated on a spectrophotometer. A small amount 

(400 ng) of the DNA product from 6 individual colonies was then double digested with HindIII 

and EcoRI for 1.5 hrs and visualised on a 1% agarose gel (Fig. 3.4). As all colonies showed 

a product consistent with incorporation of the pEE14-scmCD70-m1 plasmid (i.e. a band at 

2.3 kbp), only one colony was grown further to increase the amount of DNA for subsequent 

stable transfection of CHO-K1S cells required for producing protein.  

 

Figure 3.2. Schematic representation of scmCD70-m1 and plasmid maps. (A) The 
sequence of scmCD70-m1 insert. LP; leader peptide, mCD70; mouse CD70 extracellular 
domain, L; 3xGGGS linker, L1; 2xGGGS linker, L2; XbaI linker (XbaI restriction site and 
GGGS linker), H; mouse IgG1 Fc hinge region, mCH2-CH3; mouse IgG1 Fc domain. 
HindIII, XbaI and EcoRI are the restriction enzyme sites used with indicated digestion 
points. (B) Maps of the two expression vectors used for production of scmCD70-m1. The 
scmCD70-m1 insert was ordered in (left) pcDNA3.1 (+) and cloned into (right) pEE14 using 
HindIII and EcoRI restriction sites.  
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Figure 3.3. HindIII and EcoRI digestion of scmCD70-m1 pcDNA3.1 (+) and pEE14 
expression vectors. (A) Double digested pcDNA3.1 (+) with the scmCD70-m1 insert. 6 μg 
plasmid was digested for 2 hrs at 37 °C using HindIII and EcoRI restriction enzymes; 200 
ng DNA was run in each indicated lane and the rest in a major lane (not shown) from where 
insert was extracted without exposure to UV light. (B) Single EcoRI digest of pEE14; 4.2 μg 
of plasmid DNA was cut and a representative sample (200 ng) loaded onto the gel alongside 
uncut plasmid to confirm the reaction. The digestion was carried out for 2.5 hrs at 37 °C. 
(C) Double digested pEE14. Single EcoRI cut pEE14 plasmid DNA was recovered in 
solution using commercial kits (Qiaquick gel extraction, Qiagen). Then all of the recovered 
plasmid DNA was subjected to digestion with HindIII restriction enzyme for 2 hrs at 37 °C; 
200 ng cut plasmid was then run in each lane and the rest was run in a major lane (not 
shown) to be extracted from the gel without exposure to UV light. pEE14 size; ~9.4 kbp, 
insert size; ~2.3 kbp M; marker lane, bp; basepair.  

 

Figure 3.4. Restriction digest analysis of mini-prep plasmid DNA from six colonies of 
pEE14 containing the scmCD70-m1 insert. Six colonies of transformed OneShot Top10 
cells were expanded in LB-amp for 17 hrs at 37 °C. Plasmid DNA was then isolated from 
the cultures using mini-prep kits (Qiagen) according to manufacturers’ instructions. Plasmid 
DNA was eluted in 200 μl of elution buffer provided within the kit and quantified by 
spectrophotometer; 400 ng product was then digested using 2 units each of HindIII and 
EcoRI, for 1.5 hrs at 37 °C; 200 ng of each digest was visualised on a 1% agarose gel. 
pEE14 size; ~9.4 kbp, insert size; ~2.3 kbp. M; marker lane, bp; basepair. 
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3.2.2 Stable Clone Generation, Expression and Purification of scmCD70-m1 
 

Colony #2 from the clones represented in Figure 3.4 was further grown in LB-amp for 17 

hrs to a volume of 250 ml. DNA was then extracted using a maxi-prep kit (Qiagen). DNA 

was eluted in 1 ml TE buffer and quantitated. This yielded 289 μg of pEE14-scmCD70-m1 

with a 260/280 ratio of 1.93, indicating low contamination with proteins. In order to generate 

cells capable of synthesising the protein product, CHO-K1S cells were then stably 

transfected with this DNA by lipid transfection in 6-well plates. Transfected cells were then 

plated at limiting dilutions in 96-well plates 72 hrs after transfection. Individual wells were 

regularly visualised for the presence of single colonies and growing cells. After 14-21 days, 

supernatants from wells with single colonies were screened by ELISA with the aim of 

identifying individual colonies secreting high concentrations of the scmCD70-m1 protein. An 

ELISA was therefore performed in which goat anti-mouse IgG was used to coat plates and 

goat anti-mouse Fc-HRP was used to detect the bound protein. Initial assays demonstrated 

that the primary and secondary antibodies do not prevent the other antibody from binding 

(data not shown). 

 

Initially the six clones exhibiting the highest concentration of scmCD70-m1 were transferred 

from 96 well plates into 24 well plates and then into bigger flasks. Following this, 

supernatants from every clone were directly tested for the presence of secreted scmCD70-

m1. At the time of supernatant collection, clones A, B and C were at 80-90% confluency 

whereas clones D, E and F were at 50-60% confluency. This screen was firstly to determine 

the levels of scmCD70-m1 secretion by each clone and, secondly to ensure that scmCD70-

m1 could interact with recombinant mouse CD27. Results of the ELISA are shown in Figure 

3.5. A standard curve (Fig. 3.5.A) was produced by using known concentrations of 

recombinant mouse-TIGIT-Fc protein (R&D systems) to measure the concentration of 

scmCD70-m1 secreted by each clone. Supernatant from clone A showed the highest 

concentration of protein at 25 μg/ml whereas supernatant from clone C showed the lowest 

concentration at 4 μg/ml. Other clones showed concentrations ranging from 10 μg/ml to 14 

μg/ml (Fig. 3.5.B).  
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Figure 3.5. scmCD70-m1 expression by stable CHO-K1S clones. The concentration of 
scmCD70-m1 in supernatants of expanded transfected CHO-K1S clones was determined 
by ELISA. In brief, plates were coated with goat anti-mouse IgG, prior to incubation with 
supernatant. The presence of scmCD70-m1 in supernatants was then detected by goat 
anti-mouse-Fc HRP antibody. Blank wells containing neat cell culture medium were used 
as negative controls. (A) A standard curve from known concentrations of recombinant 
murine TIGIT-Fc protein was generated and was used to calculate the concentrations in 
supernatants. (B) The concentrations of scmCD70-m1 secreted by each CHO-K1S clone 
are shown. Mean +/- SD are representative of duplicates.  

 

Additionally, surface plasmon resonance was used to confirm that the secreted products 

could bind recombinant mouse CD27. An anti-human Fc chip (anti-human IgG previously 

immobilised via amine coupling) was used to capture rmCD27-hFc protein. Supernatant 

from each clone was first injected through the chip to observe background binding. This 

was followed by injection and capture of rmCD27-hFc. Finally supernatants were injected 

again to confirm binding to recombinant CD27 captured on the chip. All the supernatants 

showed similar background binding with RU (indicating the level of bound protein on the 

chip surface) of 40 or lower which was considered negligible (Fig. 3.6). The amount of 

rmCD27-hFc captured on the chip for each clone was similar at approximately 750 RU. 

Supernatants from all of the clones could interact with rmCD27-hFc with RU in the order of 

A to E; 190 RU, 150 RU, 60 RU, 220 RU, 230 RU and 150 RU (measured by the change in 

the response level after rmCD27-hFc binding). Within the clones, clone C showed the least 

interaction with 60 RU and clones D and E showed highest interaction with 220 RU and 230 

RU respectively (Fig. 3.6). By considering the level of confluency, amount of protein 

secretion (Fig. 3.5.B) and interaction with recombinant mouse CD27 (Fig. 3.6), clones D 

and E were selected for further processing. Both clones were therefore grown in bulk 

cultures in a shaking incubator. The scmCD70-m1 product secreted by clone E was purified 

whereas supernatant from clone D was stored at -20 °C. 
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Figure 3.6. Interaction of supernatants from scmCD70-m1 secreting CHO-K1S clones 
with recombinant mouse CD27. Supernatants from stably transfected CHO-K1S clones 
were tested via SPR for binding to rmCD27-hFc which was captured by an anti-human Fc 
chip. Arrows on the graph representing the analysis of supernatant from clone A indicate 
the timings of solution injection. Supernatants were injected undiluted and rmCD27-hFc was 
injected at 5 μg/ml concentration in SPR running buffer (HBS-EP+). Flow rate; 10 μl/min for 
5 mins for each injection. Sup; supernatant, CD27; rmCD27-hFc.  
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Purification of scmCD70-m1 from clone E was performed using a protein A column (in-

house) in which the Fc region of the fusion protein is bound to the column and then eluted. 

The supernatant from the CHO-K1S cells, clone E, was concentrated down to 150 ml from 

approximately 2L. The concentrated solution was passed through the column and 136 mg 

of protein at 1.25 mg/ml concentration was subsequently eluted off the column. The purity 

and homogeneity of the eluted protein was then investigated via SDS-PAGE and SEC. The 

predicted molecular weight of the monomer polypeptide is 79.3 kDa (using Expasy compute 

pI/MW tool). There are 10 N-glycosylation sites in the monomer polypeptide and each N-

glycosylation is 2.5 kDa (224). Accordingly, the predicted molecular weight of a monomer 

(single polypeptide) is 104.3 kDa and the dimer (dimer-of-trimer) is predicted to be 208.6 

kDa. On SDS-PAGE, a reduced and non-reduced sample of purified scmCD70-m1 was 

visualised. For the non-reduced form, although a band was observed at approximately 210 

kDa, the majority of the protein consisted of higher molecular weight products (Fig. 3.7.A). 

Under reduced conditions, the majority of proteins appeared at approximately 105 kDa 

which suggested that the formation of dimer and oligomeric structures was mainly due to 

disulphide bond formation.  

 

Analysis by SEC (Fig. 3.7.B) showed a similar profile as SDS-PAGE. A peak slightly bigger 

than 158 kDa was observed, likely indicating a dimer-of-trimer form, but the majority of the 

proteins appeared to be at higher molecular weights, coming off the column earlier. The 

final peak at 19 ml corresponds to the salt peak coming off the column towards the end of 

the run (Fig. 3.7.B).  

 

Finally the purified protein was tested via SPR to confirm interaction with recombinant 

mouse CD27, in the same way as supernatants. As for the supernatants, purified scmCD70-

m1 showed negligible background binding to the anti-human Fc chip (Fig. 3.7.C). The 

amount of rmCD27-hFc captured on the chip was 1650 RU and binding of scmCD70-m1 to 

the captured rmCD27-hFc showed an additional 670 RU increase (Fig. 3.7.C). In this 

instance, the amount of rmCD27-hFc captured on the chip was higher than the amount 

captured during testing of the supernatants. This was likely due to using a freshly prepared 

chip in this assay. Also, the amount of scmCD70-m1 binding to captured rmCD27-hFc was 

higher compared to supernatants, which might be due to having more rmCD27-hFc 

captured on the chip. These data confirm that stably transfected CHO-K1S cells (clone E) 

secrete high levels of scmCD70-m1, which exists as a dimer-of-trimer, or a higher order 

oligomer, and is capable of binding to CD27 in vitro. 
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Figure 3.7. Size and purity confirmation of purified scmCD70-m1. (A) SDS-PAGE 
analysis of scmCD70-m1. Samples were analysed under reduced or non-reduced 
conditions; the reduced sample was prepared with a final concentration of 62.5 mM DTT as 
reducing agent. All samples were boiled at 95 °C for 5 mins prior to loading. 10 μg of protein 
was loaded per lane into a 10% Bis-Tris gel which was run at 150 V for 1.5 hrs. M; marker 
lane. (B) For SEC analysis of scmCD70-m1, 31.25 μg of protein was run on a Superdex 
200 10/300 GL column. Molecular weight markers are indicated on the graph. (C) SPR 
analysis of the interaction between purified scmCD70-m1 and rmCD27-hFc. For this, an 
anti-human IgG chip was used to capture rmCD27-hFc and then scmCD70-m1 was 
injected. rmCD27-hFc was injected at 5 μg/ml and scmCD70-m1 was injected at 10 μg/ml 
in HBS-EP+. CD70; scmCD70-m1, CD27; rmCD27-hFc. Flow rate was 10 μl/min for 5 mins 
for each injection.  
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3.2.3 Fractionation and functional analysis of scmCD70-m1 
 

To determine whether the eluted scmCD70-m1 exhibited functional activity, we next 

assessed its ability to stimulate T cells. It has been shown previously that stimulation of T 

cells with agonist anti-CD3 and via a co-stimulatory molecule such as CD28 is sufficient to 

drive in vitro activation and proliferation (225). In addition, previous work in our laboratory 

indicated that soluble CD70 could drive T-cell activation in the presence of anti-CD3 

stimulation (200). Therefore a similar assay was used to test the functional activity of purified 

scmCD70-m1. Splenocytes were stimulated with varied doses of anti-CD3 in combination 

with scmCD70-m1 or a control mIgG1 antibody and uptake of 3H-thymidine added at 48 hrs 

was assessed after ~17 hrs of incubation. As expected, cells showed a dose-dependent 

increase in 3H-thymidine uptake with increasing anti-CD3 dose (Fig. 3.8). Across nearly all 

anti-CD3 concentrations, stimulation of cells with anti-CD3 mAb and scmCD70-m1 

generated an approximately 2-fold higher response compared to stimulation with anti-CD3 

and control mIgG1 (Fig. 3.8). Importantly, scmCD70-m1 did not induce T-cell activation in 

the absence of agonist anti-CD3 confirming that scmCD70-m1 acts as a co-stimulatory 

molecule and is dependent on additional TCR activation. 

 

Figure 3.8. scmCD70-m1 induces T cell activation in vitro. 2 x 105 splenocytes from a 
WT C57BL/6 mouse were stimulated with the doses of soluble anti-CD3 mAb (clone 145-
2C11) indicated, in combination with either mIgG1 control (anti-human CD16 - clone 3G8) 
or scmCD70-m1 at 10 μg/ml. Cells were plated in triplicate for each condition. Activation of 
cells was determined by 3H-thymidine incorporation which was added at 48 hrs post-
stimulation and harvested after 17 hrs incubation. Two-way ANOVA with Tukey’s multiple 
comparisons test was performed for statistical analyses and statistics at the highest anti-
CD3 concentration is indicated. **= p<0.01. Plot represents mean +/- SEM of triplicates.  
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While these data confirm that the purified scmCD70-m1 has functional activity, in order to 

determine which multimer was active, the proteins were fractionated, via SEC, with the 

lowest number fraction being the highest oligomeric structure and the highest number 

fraction being the dimer-of-trimer form (Fig. 3.9 & 3.10). 

 

The purity of the fractionated samples was confirmed by SDS-PAGE in reduced and non-

reduced conditions (Fig. 3.11). Under reduced conditions, all fractions showed a similar 

profile with the majority of proteins in the monomeric form (104.3 kDa) and minimal 

presence of oligomers (250 kDa) and possible degradation products (53 kDa) (Fig. 3.11). 

Under non-reduced conditions, predicted dimer-of-trimer fractions (38-39 and 40-50) 

appeared to be in dimer-of-trimer form (208.6 kDa) with high purity and only a very low level 

of the oligomeric form. Unfractionated and other fractionated samples (12-14, 17-19, 21-25) 

appeared mainly in oligomeric form with low levels of the dimer-of-trimer form (Fig. 3.11).  

 

In addition to investigate purity, the ability of each fraction to interact with recombinant CD27 

was examined via SPR as previously described. All fractions showed negligible background 

binding to the chip with RU values of 15 or lower (Fig. 3.12). The amount of rmCD27-hFc 

captured on the chip was approximately 1500 RU. All of the fractions could interact with 

recombinant CD27 and showed a considerable amount of binding with RU values indicated 

on the graphs shown in Figure 3.12. Within the fractionated samples, the dimer-of-trimer 

forms 38-39 and 40-50 showed the highest level of interaction with recombinant CD27 with 

690 RU and 810 RU respectively (Fig. 3.12). The RU values from SPR can be used to find 

the stoichiometry between the interacting molecules. To do this, the RU value achieved by 

each molecule is divided by its molecular weight to identify a value which can be used to 

derive a binding ratio between the two molecules. The predicted molecular weight of 

scmCD70-m1 (dimer-of-trimer, fraction 40-50) is 208.6 kDa and the RU value was 810. The 

molecular weight of rmCD27-hFc (dimer) is 90 kDa and the RU value achieved by rmCD27-

hFc was 1500. With these values the stoichiometry between scmCD70-m1 and CD27 can 

be calculated as 3.88:16.67 and this is equal to approximately 1:4. This suggests that one 

scmCD70-m1 dimer-of-trimer interacts with four recombinant CD27 dimers. The dimer-of-

trimer form of scmCD70-m1 has six CD70 domains, so a 1:3 ratio was expected but 1:4 is 

also acceptable due to a mixture of possible binding patterns. Working out the stoichiometry 

for the oligomers is difficult as there is a mixture of proteins of different molecular weights.  
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Figure 3.9. Fractionation of scmCD70-m1. Proteins produced by stable transfection of 
CHO-K1S cells were fractionated into five different fractions (indicated by rectangles) with 
lower fraction numbers consisting of the oligomer structures and fractions 38-39 and 40-50 
consisting of the dimer-of-trimer structure. The peak corresponding to dimer-of-trimer 
products is indicated with an arrow. Samples were fractionated using the S200 26/950 
column (in-house) with 3 ml/min flow rate. 
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Figure 3.10. Analytical SEC on scmCD70-m1 fractions. Proteins produced by stable 
transfection of CHO-K1S cells were fractionated into five different fractions with lower 
fraction numbers consisting of the oligomer structures and fractions 38-39 and 40-50 
consisting of the dimer-of-trimer structure. The peak corresponding to the dimer-of-trimer 
structure is indicated with an arrow on the unfractionated graph. 10 μg of each sample was 
run on Superdex 200, 5/150 GL (GE Healthcare) column with 0.3 ml/min flow rate.  
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Figure 3.11. Purity of different scmCD70-m1 fractions. After being fractionated via SEC, 
the purity of different fractions of scmCD70-m1 was confirmed under reduced and non-
reduced conditions via SDS-PAGE analysis. As before, final reducing agent (DTT) 
concentration was 62.5 mM. Samples were boiled at 95 °C for 5 mins before loading 10 μg 
of protein per lane into the 4-12% Bis-Tris gradient gel. The gel was run for 1.5 hrs at 150 
V and stained with Coomassie brilliant blue. M; marker lane, R; reduced, NR; non-reduced. 
Values above indicate the fractions as indicated in Figure 3.9.  
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Figure 3.12. Interaction of different scmCD70-m1 fractions with rmCD27-hFc. 
Fractions of scmCD70-m1 were tested by SPR for their ability to interact with recombinant 
mouse CD27. A chip as described in Figure 3.7.C was used to detect binding. Fractions 
were first injected to detect background binding, then rmCD27-hFc was captured on the 
chip and scmCD70-m1 fractions were injected to confirm binding to rmCD27-hFc. A flow 
rate of 10 μl/min for 5 mins was used for each injection; rmCD27-hFc was used at 5 μg/ml 
and fractions were used at 10 μg/ml in HBS-EP+. Labels on the unfractionated graph 
indicate the timings of injections and apply to all graphs. Numbers on graphs indicate the 
RU achieved due to interaction between scmCD70-m1 and rmCD27-hFc. CD70; injected 
scmCD70-m1 fraction, CD27; rmCD27-hFc.  
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After confirming the purity of scmCD70-m1 fractions and their ability to interact with 

recombinant mouse CD27, the individual fractions were tested in an in vitro T-cell 

proliferation assay. Compared to the previous assay (Fig. 3.8) the background proliferation 

of cells treated with anti-CD3 and mIgG1 control stimulation appeared to be higher (Fig. 

3.13) which may reflect the increased activation of T cells in this particular experiment. 

However, a dose-dependent response to anti-CD3 and mIgG1 was still apparent and similar 

to the previous assay. The unfractionated scmCD70-m1 sample contributed to a 3-fold 

higher level of proliferation of activated T cells compared with cells stimulated with anti-CD3 

alone, which is similar to the results observed previously (Fig. 3.13, compare with Fig. 3.8).  

 

Comparing the agonistic activity of individual fractions of scmCD70-m1 revealed that 

fractions 12-14 and 21-25 with only higher oligomeric structures contributed to a similar or 

higher response than the unfractionated scmCD70-m1 whereas fractions 17-19 were less 

active than unfractionated (Fig. 3.13). Fractions 38-39 and 40-50 were fractionated 

separately to ensure high purity of the 40-50 fraction. Both samples appeared very similar 

on analytical SEC and SDS-PAGE analysis (Figs. 3.10 and 3.11). Thus, with higher purity, 

only fraction 40-50 was tested in the T-cell activation assay. Dimer-of-trimer (fraction 40-

50) induced a 2-fold higher response compared to control but was less active compared to 

unfractionated and higher oligomeric fractions. (Fig. 3.13).   

 

Figure 3.13. Proliferation of T cells induced by scmCD70-m1 fractions. Splenocytes 
from a WT C57BL/6 mouse were stimulated with anti-CD3 mAb (clone 145-2C11) in 
combination with either mIgG1 control (anti-human CD16-clone 3G8) or scmCD70-m1 
fractions. 2 x 105 cells were stimulated with indicated concentrations of anti-CD3 and 10 
μg/ml of scmCD70-m1 proteins. Triplicates were used for each anti-CD3 concentration. 
Lower fraction size indicates higher oligomeric structure. Activation of cells was confirmed 
by 3H-thymidine incorporation which was added at 48 hrs post-stimulation and harvested 
after 17 hrs of incubation. Two-way ANOVA with post Tukey’s multiple comparisons test 
was performed for statistical analyses and statistics at the highest concentration of anti-
CD3 are indicated. **= p<0.01, ****=p<0.0001. Plots represent mean +/- SEM from one 
experiment. 
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According to the SPR (Fig. 3.12) and T-cell activation assay results (Fig. 3.13), the dimer-

of-trimer (40-50) form of scmCD70-m1 could interact with recombinant mouse CD27 but 

was less able to induce activation compared with the oligomeric proteins (fraction 12-14, 

17-19 and 21-25, Fig. 3.13) or the unfractionated form (Fig. 3.13). These data suggest that 

while all fractions can interact with CD27, the dimer-of-trimer may not be able to recruit 

enough receptors on the cell surface to form the multi-molecular signalling complex required 

for receptor activation. We therefore hypothesised that dimer-of-trimer proteins might not 

be able to effectively interact with Fc receptors to receive additional cross-linking which 

would contribute to an additive effect and a higher level of activation of T cells. Thus the Fc 

receptor interaction of the dimer-of-trimer fraction (40-50) was investigated. The 

unfractionated and fraction 40-50 versions of scmCD70-m1 were compared with Lob 12.0, 

an anti-mouse 4-1BB mouse IgG1 mAb, for their ability to bind to recombinant mouse 

FcγRIIB by SPR. Two different concentrations of FcγRIIB were tested and at both 

concentrations, the unfractionated sample showed only low binding whereas the dimer-of-

trimer form showed slightly higher binding with Lob12.0 showing the highest binding to 

FcγRIIB (Fig. 3.14). In a separate experiment, the affinities of these three protein forms for 

FcγRIIB were determined using a range of concentrations. The dimer-of-trimer form of 

scmCD70-m1 showed a weak interaction with FcγRIIB with KD: 3.56 x 10-7 M (Fig 3.15). For 

comparison, the unfractionated form had an apparent KD of 4.16 x 10-7 M and Lob12.0, 3.1 

x 10-7 M. Overall, these results indicate that the dimer-of-trimer can induce signalling through 

CD27 and can interact with FcγRIIB, indicating that it has the potential of being cross-linked, 

but the higher order structures are still more active.  
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Figure 3.14. Interaction of scmCD70-m1 fractions with FcγRIIB. To investigate the 
ability of different forms of scmCD70-m1 to interact with FcγRIIB, mIgG1 control (Lob 12.0), 
fraction 40-50 and unfractionated samples were immobilized on flow cells in a CM5 sensor 
chip via amine coupling; approximately 3000 RU was reached for each protein sample. 
FcγRIIB was then injected over the flow cells at the indicated concentrations with 5 mins 
association (30 μl/min) and 10 mins dissociation time.  
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Figure 3.15. Affinity of scmCD70-m1 forms for FcγRIIB detected by SPR. FcγRIIB was 
run on flow cells with indicated proteins immobilized in the flow cell of CM5 sensor chip via 
amine coupling. Approximately 3000 RU was achieved for each protein sample during 
immobilization. Samples were run with 5 mins (30 μl/min) association and 10 mins 
dissociation time. Various FcγRIIB concentrations; 50, 100, 200, 400 and 800 nM, were 
used to generate a graph which was then transformed to calculate the KD. RU values for 
each FcγRIIB concentration were divided by the concentration and plotted against RU. The 
KD was calculated from the gradient using the equation m (gradient) = -1/KD. The plot with 
individual points and the line of best fit are illustrated on the graph.  

 

 

 

 

 

 

 



Chapter 3 

85 
 

Although unfractionated and oligomeric fractions induced a strong proliferation of T cells, it 

is unlikely that these will be suitable as therapeutics. Thus, further experiments focussed 

on characterising and enhancing the activity of the dimer-of-trimer form of scmCD70-m1.  

 

In order to generate more protein, fractionation of scmCD70-m1 was repeated and only the 

dimer-of-trimer protein was isolated (Fig. 3.16.A). The purity of this product was confirmed 

by SDS-PAGE (Fig. 3.16.B) and analytical SEC (Fig. 3.16.C) as described previously. The 

dimer-of-trimer protein was then compared to anti-CD27 mAb (AT124-1) in a T-cell 

activation assay where splenocytes were stimulated with agonistic anti-CD3 mAb in 

combination with control, dimer-of-trimer scmCD70-m1 or anti-CD27 mAb (Fig. 3.17). 

AT124-1 is an anti-mouse CD27 rat IgG2a mAb that is known to have high agonistic activity 

(189) and which was therefore used as a positive control in these assays. Isotype controls 

for both scmCD70-m1 and AT124-1 were included in the assay. Activated cells form clumps 

and as expected, stimulation with anti-CD27 improved the clumping and activation of T cells 

(Fig. 3.17.A). Additionally, the dimer-of-trimer scmCD70-m1 induced enhanced clustering 

and activation of T cells compared to control (Fig. 3.17.A). Activation of cells was also 

assessed by 3H-thymidine incorporation. As previously, a dose-dependent response to anti-

CD3 mAb was observed in the control groups (Fig. 3.17.B). Similar to improved clustering 

of T cells, stimulation with scmCD70-m1 and anti-CD27 showed increased 3H-thymidine 

uptake compared to control groups (Fig. 3.17.B) with scmCD70-m1 showing a similar level 

of activity compared with anti-CD27 mAb.  
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Figure 3.16. Fractionation and purity of dimer-of-trimer scmCD70-m1. Stable CHO-
K1S produced scmCD70-m1 protein was purified by protein A affinity chromatography and 
further fractionated via SEC. (A) Dimer-of-trimer scmCD70-m1 was fractionated using the 
S200 26/950 column (in-house) with 3 ml/min flow rate. The fraction isolated is indicated on 
the graph. (B) SDS-PAGE analysis confirming the purity of dimer-of-trimer after 
fractionation. Unfractionated and dimer-of-trimer samples were run under reduced (R) and 
non-reduced (NR) conditions. Final reducing agent (DTT) concentration was 62.5 mM. 
Samples were boiled at 95 °C for 5 mins before loading into the 10% Bis-Tris gel. 10 μg of 
protein per lane was loaded and the gel was run for 1.5 hrs at 150 V before being stained 
with Coomassie brilliant blue. M; marker lane. (C) Analytical SEC of the isolated dimer-of-
trimer. The sample (10 μg) was run on Superdex 200, 5/150 GL (GE Healthcare) with 0.3 
ml/min flow rate. 
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Figure 3.17. Comparison of T-cell activation by scmCD70-m1 dimer-of-trimer and 
anti-CD27 mAb. Splenocytes (2 x 105) from a WT C57BL/6 mouse were stimulated with 
agonistic anti-CD3 mAb (clone 145-2C11) at the concentrations indicated in combination 
with the indicated proteins at 10 μg/ml. Isotype mIgGI clone 3G8, isotype rIgG2a clone 
Mc106A5 and anti-CD27 clone AT124-1 rIgG2a were the mAbs used.  (A) Phase contrast 
images of individual wells at 48 hrs time point. (B) Proliferation of T cells assessed by 3H-
thymidine incorporation which was added at 48 hrs time point and harvested after 17 hrs 
incubation in triplicate. Statistical analyses were performed by using two-way ANOVA with 
Tukey’s multiple comparisons test and indicate statistics at the highest anti-CD3 
concentration. Ns; not significant, ****= p<0.0001. Means of triplicate wells +/- SEM are 
indicated from one experiment.   
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3.2.4 scmCD70-m1 Fc Engineering 
 

The aim of designing the single chain trimer of CD70 was to produce a homogeneous 

product as a dimer-of-trimer with minimal higher order structure formation. However, the 

majority of the scmCD70-m1 protein expressed by CHO-K1S cells was oligomeric with the 

dimer-of-trimer form being a relatively minor fraction. Although, the dimer-of-trimer form 

could be fractionated from the oligomers, a better expression system to produce more 

homogeneous product was required. Results from SDS-PAGE analysis (Fig. 3.11) 

suggested that production of oligomers could be due to disulphide bond formation. 

Therefore, we generated a new protein product (scmCD70-m1 Version II) in which the three 

Cys residues in the hinge region of the Fc domain of scmCD70-m1, at positions 535, 538 

and 540 (see Appendix Fig. 1), were mutated to Ala residues to prevent disulphide formation 

(Fig. 3.18). The aim of mutating the Cys residues in the hinge region was to avoid the 

formation of disulphide bonds in the hinge region which may contribute to oligomer 

formation. 

 

Figure 3.18. Structures of scmCD70-m1 Version I and Version II. Hexameric ligand 
structures with one Fc domain are illustrated. Version II has a mutant hinge region predicted 
to have no disulphide bonding.  

 

Previously scmCD70-m1 was stably expressed by CHO-K1S cells. In order to obtain results 

in a shorter time period, Version (Ver) II was produced by transient transfection of 293F 

cells and for transient transfection, pcDNA3.1 (+) plasmid was used as the expression 

vector. The DNA sequence of the Ver II Fc domain with the mutations was ordered in a 

commercial plasmid (PMA-T) and the insert therefore needed to be moved into pcDNA3.1 
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(+). The DNA sequence of the original scmCD70-m1 construct was designed to have an 

XbaI restriction site to enable changing of the Fc domain only. Thus, Ver II Fc was first 

cloned into the pEE14-scmCD70-m1 vector to replace the original Fc domain using XbaI 

and EcoRI digestion. The entire insert was then cloned into pcDNA3.1 (+) vector with HindIII 

and EcoRI digestion (see Appendix Fig. 5). Therefore, pEE14-scmCD70-m1 plasmid was 

double digested with XbaI and EcoRI and the vector without the Fc domain was extracted 

from the gel (Fig. 3.19.A). Simultaneously, the PMA-T-Ver II Fc insert was digested with 

XbaI and EcoRI and the insert extracted from the gel (Fig. 3.19.B). Products were quantified 

and purity confirmed by ensuring the 260/280 ratio of the resultant DNA was between 1.8 

and 2.0. Then the products were ligated at a 3:1 insert to vector Molar ratio using 3.9 ng of 

insert and 20 ng of vector in a 20 μl reaction. The reaction was carried out for 3 hrs at RT 

and 2 μl of ligation reaction was transformed into OneShot TOP10 cells. Mini-cultures from 

six individual colonies grown on amp supplemented plates were grown and DNA isolated 

using commercial kits. 400 ng of plasmid from each colony was digested with XbaI and 

EcoRI for 2 hrs at 37 °C and ligation confirmed by visualisation on a 1% agarose gel (Fig. 

3.19.C). All six clones showed successful ligation and transformation of the pEE14-

scmCD70-m1 Ver II construct.  

 

After confirming the ligation of the Ver II insert into the pEE14 vector, pcDNA3.1 (+) 

containing scmCD70-m1 Ver I and pEE14 containing the Ver II insert were digested. 

pcDNA3.1 (+) vector was first digested with EcoRI only and a small amount of plasmid 

visualised on a 1% agarose gel to confirm EcoRI activity (Fig. 3.20.A). The remaining cut 

pcDNA3.1 (+) was cleaned in solution and the recovered DNA (3.2 μg) was then subjected 

to HindIII digestion (15 units) for 2 hrs at 37 °C prior to running on a 1% agarose gel to 

confirm double digestion. The cut vector was then extracted from the gel (Fig.3.20.B). 

Simultaneously, 3 μg of pEE14 – Ver II plasmid DNA was digested with 15 units of both 

HindIII and EcoRI at 37 °C for 2 hrs and the insert extracted from the gel after running the 

products on a 1% agarose gel (Fig. 3.20.C). The Ver II insert was ligated into the cut 

pcDNA3.1 (+) vector at a 3:1 insert to vector Molar ratio using 25.56 ng of insert and 20 ng 

of vector in a 20 μl reaction. The reaction was carried out for 3 hrs at RT and 2 μl of ligation 

reaction was transformed into OneShot TOP10 cells. Ligation was confirmed by growing 

mini-cultures from 4 colonies and digesting a small amount of isolated DNA. Specifically, 

400 ng plasmid DNA from each colony was digested with HindIII and EcoRI and products 

visualised on 1% agarose gel to confirm ligation of the insert (Fig. 3.20.D).  
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Figure 3.19. Cloning of scmCD70-m1 Ver II insert into pEE14 expression vector. (A) 
Digestion of pEE14 – scmCD70-m1 Ver I plasmid DNA. 3 μg of plasmid was digested with 
15 units of both XbaI and EcoRI restriction enzymes at 37 °C for 2 hrs. 200 ng of digested 
sample was run in each minor (Min) lane and the rest was run in the major lane. The 
digested vector was extracted from the gel without exposure to UV light. (B) Digestion of 
PMA-T-Ver II plasmid DNA. 3 μg of plasmid was digested with 15 units of XbaI and 15 units 
of EcoRI for 2 hrs at 37 °C. 200 ng of digested sample was run in each minor (Min) lane 
and the rest was run in the major lane. The digested insert was extracted from the gel 
without exposure to UV light. (C) Six colonies of pEE14 – scmCD70-m1 Ver II transformed 
OneShot TOP10 cells were grown in LB-amp cultures for 17 hrs at 37 °C and plasmid DNA 
was isolated by using mini-prep kits (Qiagen). 400 ng of plasmid DNA from each colony 
was then digested with 2 units of XbaI and 2 units of EcoRI for 2 hrs at 37 °C and 200 ng of 
each digest was visualised on an agarose gel. All samples in (A), (B) and (C) were run on 
1% agarose gel. Extracted gel samples and Ver II insert are indicated by arrows.     
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Figure 3.20. Cloning scmCD70-m1 Ver II into pcDNA3.1 (+) vector. (A) pcDNA3.1 (+) – 
scmCD70-m1 Ver I plasmid DNA was digested with EcoRI restriction enzyme; 4 μg of 
plasmid DNA was digested with 15 units of enzyme at 37 °C for 2 hrs. A small amount (200 
ng) was run on an agarose gel alongside an uncut sample to confirm digestion. (B) EcoRI 
digested pcDNA3.1 (+) – scmCD70-m1 Ver I plasmid DNA was further digested with HindIII 
restriction enzyme; 3.2 μg of plasmid DNA was digested with 15 units of enzyme for 2 hrs 
at 37 °C.  200 ng of digested sample was run in each minor (Min) lane and the rest was run 
in the major lane. The digested insert was extracted from the gel without exposure to UV 
light. (C) pEE14 – scmCD70-m1 Ver II DNA was digested with HindIII and EcoRI restriction 
enzymes; 3 μg of plasmid DNA was digested with 15 units of each enzyme for 2 hrs at 37 
°C. 200 ng of digested sample was run in each minor (Min) lane and the rest was run in the 
major lane. The digested insert was extracted from the gel without exposure to UV light. (D) 
Four colonies of pcDNA3.1 (+) – scmCD70-m1 Ver II transformed OneShot TOP10 cells 
were grown in LB-amp cultures for 17 hrs at 37 °C and plasmid DNA was isolated by using 
mini-prep kits (Qiagen). 400 ng of plasmid DNA from each colony was then digested with 2 
units of XbaI and 2 units of EcoRI for 2 hrs at 37 °C and 200 ng of each digest was visualised 
on an agarose gel. All samples on (A), (B), (C) and (D) were run on 1% agarose gels. 
Extracted gel samples and Ver II insert are indicated by arrows.     
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A larger culture was then grown from colony #1 to obtain a greater stock of pcDNA3.1 (+) -

scmCD70-m1 Ver II. DNA was then extracted using commercial kits yielding 1 mg DNA with 

an absorbance ratio at 260/280 nm of 1.97 which was then used to transfect 293F cells. To 

enable comparison with Ver I, a stock of Ver I protein was also produced in 293F cells. 

Supernatants were purified on protein A columns as before. The profile of purified Ver I 

protein from 293F transfection was different from that obtained from CHO-K1S purification 

(compare Fig. 3.9 with Fig. 3.21.A) such that Version I from 293F was predominantly in a 

dimer-of-trimer form whereas that from CHO-K1S was in oligomer form. Both Ver I and Ver 

II proteins from 293F cells showed a purification profile in which the majority of the protein 

was in the dimer-of-trimer form (major peak) with a low level of oligomer content as the 

smaller peaks (Fig. 3.21.A). To further purify the dimer-of-trimers, both versions were 

fractionated by SEC. Fractionation of Version I protein yielded a pure dimer-of-trimer 

product whereas Ver II contained a low level of additional oligomers (Fig. 3.21.B). 

 

The purities of fractionated and unfractionated protein samples were also confirmed by 

SDS-PAGE. All of the samples showed a similar appearance under reduced conditions with 

the proteins being in the monomeric form at approximately 105 kDa (Fig. 3.22). Oligomers 

were observed under non-reduced conditions for both Ver I and Ver II proteins and these 

were not present in the fractionated samples. Although Ver I samples showed a faint band 

at approximately 105 kDa under non-reduced conditions, this was more apparent in Ver II 

samples indicating the prevention of disulphide bond formation in the latter. However, the 

dimer-of-trimer form was still present in Ver II samples under non-reduced conditions (Fig. 

3.22). This suggested that there might be another interaction that keeps the two polypeptide 

chains together. 

 

Overall, Ver I and Ver II proteins produced in 293F showed a similar profile and having a 

mutated hinge (Ver II) did not contribute to less oligomer formation compared to having a 

non-mutated hinge (Ver I). Further experiments were focussed on improving scmCD70-m1 

Ver I production rather than characterising Ver II. 
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Figure 3.21. Purification of scmCD70-m1 Version I and Version II from transiently 
transfected 293F cells. 293F cells were transfected with scmCD70-m1 Ver I or Ver II and 
expanded for 7 days. Protein was isolated from supernatant by protein A purification and 
both versions were further fractionated by SEC. (A) Profiles of Ver I and Ver II before 
fractionation. Samples were run on Superdex 200 26/950 (in-house). (B) Profiles of proteins 
after fractionation and isolation of dimer-of-trimer. 10 μg of samples were run on the 
analytical Superdex 200 5/150 GL (GE Healthcare) column with 0.3 ml/min flow rate. The 
major peak corresponding to the dimer-of-trimer is indicated with an arrow. The minor peaks 
correspond to higher oligomers.  



Chapter 3 

94 
 

 

Figure 3.22. The purity of scmCD70-m1 Ver I and Ver II before and after fractionation. 
Proteins were purified by using a protein A column and further fractionated via SEC. 
Unfractionated and fractionated (dimer-of-trimer) samples were analysed under reduced 
and non-reduced conditions. Final reducing agent (DTT) concentration was 62.5 mM. 
Samples were boiled at 95 °C for 5 mins before loading 10 μg protein/lane into 10% Bis-
Tris gel. Gel was Coomassie brilliant blue stained. Monomer and dimer-of-trimer bands are 
indicated with arrows. M; marker lane, R; reduced, NR; non-reduced, Unfrac; 
unfractionated, Fraction; fractionated.  

 

For the generation of protein in 293F cells, cells were transiently transfected and cultured 

for 1 week before harvesting the supernatant and purifying proteins. In contrast, CHO-K1S 

cells were cultured for approximately 4 weeks before harvesting the supernatant. As both 

Ver I and Ver II produced a similar level of oligomers when produced in 293F cells and this 

was less than seen in Ver I protein produced in CHO-K1S cells, we hypothesised that the 

time in culture could be an important factor contributing to the level of oligomer formation. 

Thus, scmCD70-m1 Ver I transfected CHO-K1S cells were cultured and supernatants were 

harvested at 1 week, 2 weeks and 3 weeks intervals to compare the profile of scmCD70-

m1 protein.  Proteins were purified by protein A chromatography and their profiles analysed 

by SEC. As hypothesised, the profile of scmCD70-m1 proteins were different at each time 

point (Fig. 3.23). The highest purity of dimer-of-trimer proteins was observed with a 1 week 

culture whereas highest oligomer formation was observed with 3 weeks of culture. The 

profiles suggested that the longer the time in culture, the higher the level of oligomer 

formation. At the 1 week and 2 week time points, 1L of supernatant was harvested whereas 
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2L was harvested at 3 weeks. The amount of protein purified from each time point was 

approximately 13 mgs at 1 week, 55 mgs at 2 weeks and 150 mgs at 3 weeks. This 

suggested that although the highest purity of the dimer-of-trimer scmCD70-m1 was 

observed after 1 week of culture, the yield of protein was relatively low. As a good yield 

could be harvested after 2 weeks of culture and the profile favoured the production of a 

dimer-of-trimer compared with 3 weeks of culture, subsequent scmCD70-m1 batches were 

produced by culturing the CHO-K1S cells for 2 weeks and harvesting 5L supernatant to 

maximise the yield.  

 

Figure 3.23. Comparison of scmCD70-m1 production in CHO-K1S cells harvested at 
different time points. CHO-K1S cells stably transfected with scmCD70-m1 were cultured 
and supernatant harvested at indicated time points. scmCD70-m1 protein was purified by 
protein A chromatography. Then 10 μg of the purified protein was run on analytical SEC 
column at 0.3 ml/min flow rate. Samples were run on Superdex 200, 5/150 GL (GE 
Healthcare).  
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3.2.5 Production of trimeric CD70 and comparison to dimer-of-trimer scmCD70-m1 
 

Natural ligands of TNF superfamily receptors are expressed as homotrimers. The dimer-of-

trimer scmCD70-m1 protein is a hexameric protein capable of inducing activation and 

proliferation of T cells. To establish the importance of dimer-of-trimeric activity and compare 

the activity to trimeric ligand, a non-dimerised trimeric version, i.e. a non-covalently  linked 

CD70 trimer, was produced by fusing domains 3 and 4 of mouse CD4 to the extracellular 

domain of murine CD70 (mCD4-CD70) (Fig. 3.24.A). The CD4 domain was previously used 

as a tag for purification and is known to be monomeric in solution after being expressed 

(213). Thus the trimer is predicted to be formed by the non-covalent interactions between 

CD70 molecules. The DNA sequence of mCD4-CD70 was generated in Seqbuilder (see 

Appendix Fig. 2) and commercially ordered to be supplied in pcDNA3.1 (+) expression 

vector (Fig. 3.24.B). The plasmid DNA was amplified by growing transformed bacteria in 

LB/amp and 1 mg of DNA was isolated using commercial kits. Then 293F cells were 

transiently transfected and cells were grown for 1 week before harvesting the supernatant. 

The protein was purified by applying the supernatant on to a column with anti-mCD4 

antibody (YTA3.1.2) and 2 mgs of protein was purified. Subsequent analytical SEC (Fig. 

3.25.A) and SDS-PAGE (Fig. 3.25.B) analysis confirmed that a homogeneous product was 

obtained without oligomers. The theoretical MW of the trimer is approximately 39 kDa (using 

Expasy compute pI/MW tool) and the protein has 5 potential N-linked glycosylation sites 

which means that a monomeric protein of 51.5 kDa was predicted with the glycosylations. 

The trimeric protein (approximately 155 kDa) appeared bigger than 200 kDa by SEC and 

monomeric protein appeared at approximately 50 kDa in SDS-PAGE analysis. The protein 

is in the native form during SEC analysis and the conformation can influence the elution 

from the column, indicating a slightly bigger than predicted size. However, the non-covalent 

interactions are lost during SDS-PAGE analysis and the monomeric protein appears at the 

predicted size. The purified protein also bound to CD27 by using SPR analysis (Fig. 3.25.C).  
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Figure 3.24. Schematic representation and predicted structure of trimeric CD70. (A) 
The sequence alignment of mCD4-CD70 insert and predicted structure of the mCD4-CD70 
protein. The mCD4 domain was conjugated to the CD70 domain with a GGGS linker. The 
N and C-termini are indicated on the figure. LP; leader peptide, mCD4; mouse CD4 domains 
3 and 4, L; GGGS linker, mCD70; mouse CD70. (B) Plasmid map of the mCD4-CD70 insert 
in pcDNA3.1 (+) expression vector. The insert was flanked with HindIII and XbaI restriction 
enzyme sites to enable further cloning into another expression vector. 
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Figure 3.25. Confirmation of the purity and CD27-binding capacity of the mCD4-CD70 
trimer. 293F cells were transiently transfected with mCD4-CD70 plasmid and supernatant 
harvested after 7 days. Protein was purified using immunoaffinity chromatography with a 
column prepared by conjugating CnBr activated Sepharose beads to anti-mouse CD4 
antibody (YTA3.1.2). (A) Purified protein was run on an analytical SEC column. 10 μg of 
protein was run on Superdex 200 5/150 GL (GE Healthcare) with 0.3 ml/min flow rate. (B) 
Purity was also checked via SDS-PAGE under reduced (final reducing agent (DTT) 
concentration was 62.5 mM) or non-reduced conditions. In both cases, samples were boiled 
at 95 °C for 5 mins before loading 10 μg protein/lane into a 10% Bis-Tris gel. The gel was 
Coomassie brilliant blue stained. M; marker lane, NR; non-reduced, R; reduced. (C) Binding 
of mCD4-CD70 to rmCD27-hFc by SPR analysis. An anti-human IgG CM5 sensor chip was 
used to assess binding. The trimer was first injected to confirm no background binding to 
the chip. Then rmCD27-hFc was injected at 5 μg/ml and captured on the chip. Finally, 
mCD4-CD70 was injected at 10 μg/ml and binding to rmCD27-hFc was detected. Samples 
were prepared in HBS-EP+ running buffer and injected with the flow rate 10 μl/min for 5 
mins. Arrows indicate the solution injected at that time point. CD70; mCD4-CD70, CD27; 
rmCD27-hFc. 
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After confirming the purity and CD27 interaction of mCD4-CD70, a T-cell proliferation assay 

was set up to compare the activity of the trimeric mCD4-CD70 with the dimer-of-trimer 

scmCD70-m1. An isotype control mAb was used as a negative control for scmCD70-m1; 

no negative control was used for the mCD4-CD70 protein. A positive control (anti-CD27 

mAb, AT124-1 mIgG1) was also used in the assay. Previously, the parental AT124-1 mAb 

was used as a rIgG2a isotype (Fig. 3.17) but in this experiment the mIgG1 isotype was used 

as it possesses the same Fc domain with scmCD70-m1. Mouse splenocytes were 

stimulated with agonistic anti-CD3 mAb in combination with control, mCD4-CD70 trimer, 

scmCD70-m1 dimer-of-trimer or agonistic anti-CD27 mAb. As previously observed, 

increasing anti-CD3 concentration increased the level of proliferation in cells stimulated with 

mIgG1 control (Fig. 3.26). Interestingly, trimeric mCD4-CD70 did not induce any further 

proliferation whereas the dimer-of-trimer scmCD70-m1 induced a strong stimulation of T 

cells. The dimer-of-trimer scmCD70-m1 protein induced a similar level of stimulation 

compared to that induced by the agonistic anti-CD27 mAb at low anti-CD3 concentrations, 

but the activity was higher at the highest anti-CD3 concentration (Fig. 3.26).  

 

Figure 3.26. Proliferation of T cells stimulated with trimeric mCD4-CD70 or dimer-of-
trimer scmCD70-m1. Splenocytes (2 x 105) from a WT C57BL/6 mouse were stimulated 
with agonistic anti-CD3 mAb (clone 145-2C11) at the indicated concentrations in 
combination with the indicated proteins at 10 μg/ml. 3H-thymidine was added at 48 hrs post-
stimulation and was harvested after 17 hrs of incubation. Cells were plated in triplicate and 
data show the mean +/- SEM of triplicates. Statistical analyses were performed using two-
way ANOVA with Tukey’s multiple comparisons test and statistics at the highest anti-CD3 
concentration are indicated. ****= p<0.0001. Data representative of two independent 
experiments. 
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3.3 Discussion 
 

Data presented in this chapter illustrate that an active soluble recombinant form of CD70, 

scmCD70-m1, can be produced and the recombinant protein can induce in vitro T-cell 

proliferation. Although, higher order structures induced a higher level of T-cell proliferation, 

the dimer-of-trimer scmCD70-m1 protein could also induce robust proliferation of T cells 

whereas trimeric CD70 ligand could not induce CD27 mediated activation. Additionally, the 

culture conditions during recombinant scmCD70-m1 production are important in order to 

obtain an optimal yield with high purity of the dimer-of-trimer product. 

 

The recombinant protein scmCD70-m1, was designed to yield a homogeneous product, 

improved structure and improved in vivo half-life compared to first generation soluble CD70 

(Fig. 3.1). Also, it was designed to act as a co-stimulatory agent to induce CD27 signalling 

without requiring FcγRs. Initially, the protein was synthesised in CHO-K1S cells, however, 

the majority of the proteins purified from CHO-K1S cells were in the oligomeric state which 

was similar to the profile observed when first generation soluble CD70 was produced in 

CHO-K1 cells (data not shown). Nonetheless, the purified sample could interact with 

recombinant mouse CD27 by SPR and importantly, significantly enhanced T-cell activation 

in vitro. Proteins were then fractionated in order to isolate higher order structures and dimer-

of-trimer proteins separately to examine their ability to stimulate T-cell 

activation/proliferation. After fractionation, the dimer-of-trimer fractions (38-39 and 40-50) 

had minimal oligomer content and consisted of approximately >95% dimer-of-trimer 

structures.  

 

Despite the ability of the dimer-of-trimer to interact with recombinant CD27, confirmed by 

SPR, this fraction (40-50) was slightly less active than oligomeric proteins in in vitro T-cell 

proliferation assay (Fig. 3.13) yet comparable to an agonist anti-CD27 antibody (Fig.3.17 & 

3.26) and still able to induce substantial proliferation. It was previously shown that 

stimulating CD27 with soluble trimeric ligand was not sufficient to induce CD27 mediated 

activation, and higher order clustering was required to activate the receptor (215). This was 

also confirmed by results presented here, as the soluble recombinant trimeric ligand 

(mCD4-CD70) was not able to induce T-cell activation (Fig. 3.26) through CD27 whereas 

the dimer-of-trimer scmCD70-m1 was able to activate CD27 and T-cell proliferation. The 

higher order fractions of scmCD70-m1 possibly induce higher clustering of CD27 compared 
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to the dimer-of-trimer form, leading to stronger activation of T cells. Although the oligomeric 

fractions were more active in vitro, only the dimer-of-trimer protein was further characterised 

as a homogeneous product considering the ultimate aim of using it in in vivo studies. The 

main problem with higher order structures is not being able to obtain a homogeneous 

product. The product could be different after each production and this can influence the 

complete characterisation. 

 

Initial purification and analysis of scmCD70-m1 under reduced and non-reduced condition 

with SDS-PAGE (Fig. 3.11), suggested that oligomerisation of the scmCD70-m1 could be 

disulphide-bonding related. For this reason, scmCD70-m1 Ver II was designed and 

produced in order to remove disulphide bonds in the hinge region of the Fc domain, to 

improve the homogeneity and reduce oligomer formation. When Ver II proteins were 

analysed under non-reducing conditions by SDS-PAGE, they still formed dimers and higher 

order structures (Fig. 3.22). Non-covalent interactions are broken under non-reducing 

conditions and results suggested that the higher order structures observed with Ver II 

protein were covalently linked, possibly indicating that there could be other Cys residues 

contributing to disulphide formation. There are 5 Cys residues in each CD70 domain and 4 

Cys residues in each Fc domain in scmCD70-m1 and these might be involved in disulphide 

formation.  

 

In order to obtain proteins in a shorter period, scmCD70-m1 Ver II was produced by 

transient transfection of 293F cells from which the supernatant was harvested after 1 week 

culture. To enable comparison of the two proteins, scmCD70-m1 Ver I was also produced 

in 293F cells and this revealed that both proteins were purified with similar profiles and 

generated a very similar low level of higher order structures. This suggested that the 

relatively high level of oligomerisation observed in the CHO-K1S-produced scmCD70-m1 

Ver I compared with the 293F produced protein could be due to: 1) CHO-K1S cells 

producing the protein in a higher oligomeric state compared to 293F cells. 2) The time of 

culture, as the supernatant from 293F cells was harvested after 1 week whereas 

supernatant from CHO-K1S cells was harvested after a 4 week culture. 

 

In order to address the role that time of culture may play in influencing the protein product, 

scmCD70-m1 Ver I was produced in CHO-K1S cells and supernatant was harvested after 

1 week, 2 weeks and 3 weeks of culture. These results revealed that increasing the time of 
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culture increases the level of oligomer formation (Fig. 3.23) and suggested that scmCD70-

m1 Ver I could be produced in CHO-K1S cells with a lower level of oligomers simply by 

culturing for a shorter period of time. Although, CHO-K1S cells could produce the dimer-of-

trimer protein after 1 week of culture with a high level of purity, the amount of protein was 

much lower compared to that produced by 293F cells in the same time frame. However, 

protein could not easily be produced in 293F cells as this would require repeated 

transfections. Thus, we moved towards producing scmCD70-m1 in CHO-K1S cells after 2 

weeks culture to obtain moderate levels of oligomers with a high level of overall protein. 

Although the time of culture might increase the level of oligomerisation of scmCD70-m1, it 

is important to note that the amount of protein produced also increases in longer cultures 

and this might be a reflection of higher protein concentration leading to higher 

oligomerisation. Additionally, the number of dead cells increase by increasing the time of 

culture and this might also play a role in inducing oligomerisation of scmCD70-m1 protein.  

 

The initial hypothesis for the generation of scmCD70-m1 was to produce a protein capable 

of inducing T-cell responses in vivo independent of FcγRs. Results testing this aspect of the 

work are presented in chapter 4.
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Chapter 4 Characterising and optimising the in vivo 
activity of scmCD70-m1 
 
4.1 Introduction 
 

It has been shown that targeting CD27 can promote a strong primary response of antigen 

specific T-cell expansion and also a strong secondary (memory) response. The in vitro 

characterisation of the dimer-of-trimer form of scmCD70-m1 showed that this protein can 

actively induce the proliferation of T cells as a co-stimulatory agent and the activity was 

similar to a strong agonistic anti-CD27 mAb. These data indicated that scmCD70-m1 might 

be used as an agent to induce in vivo expansion of antigen specific T cells. The Fc domain 

was included in the design of the scmCD70-m1 to provide dimerisation of the two 

polypeptide chains as well as to provide stability in circulation by interacting with FcRn.  

 

In this chapter, the aim was to characterise the in vivo activity of scmCD70-m1. Initially, the 

ability of scmCD70-m1 to stimulate expansion of adoptively transferred antigen specific T 

cells and the in vivo stability of the protein were examined. These results led to studies 

aimed at improving in vivo stability and thus activity. The Fc domain was included in the 

design of the scmCD70-m1. While the Fc domain enables binding to FcγRIIB (as shown in 

chapter 3), the hexameric nature of the dimer-of-trimer form of scmCD70-m1 might enable 

Fc independent T-cell activation in vivo. Ultimately, FcγR independent activity and anti-

tumour efficacy of scmCD70-m1 were also addressed using adoptive T-cell transfer models 

and a murine model of BCL1, respectively.  
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4.2 Results 
 

Although the dimer-of-trimer scmCD70-m1 binds to FcγRIIB (Fig. 3.14), it was designed to 

act independent of FcγRIIB cross-linking. In order to investigate its efficacy in in vivo 

expansion of antigen specific T cells and to determine its dependence on FcγRIIB cross-

linking, CD8+ OT-1 T cells were adoptively transferred into WT or FcγRIIB KO recipients. 

For this, CD8+ T cells were purified using commercial kits to eliminate the transfer of FcγRIIB 

expressing cells (B cells and myeloid cells) into FcγRIIB KO recipients. Figure 4.1 shows 

the percentage of CD8+ OT-1 T cells before and after purification. CD8+ T cells comprised 

31% of singlets before purification and this was increased to 98.2% after purification. Out 

of the purified CD8+ T cells, 95.1% were tetramer+ indicating the percentage considered as 

CD8+ OT-1 T cells. After confirming purity, 1 x 106 CD8+ OT-1 T cells were transferred into 

recipient mice.  Mice were then immunised with OVA257-264 peptide in combination with 

control, scmCD70-m1 or anti-CD27 mAb (AT124-1 mIgG1). Agonistic anti-CD27 mAb 

stimulated strong expansion of OT-1 T cells in WT recipients (above 60% of lymphocytes 

on day 4; Fig. 4.2.A) but the activity was completely lost in FcγRIIB KO animals (2% of 

lymphocytes on day 4; Fig. 4.2.A & B), confirming the requirement for FcγRIIB engagement 

for the activity of the antibody. In contrast, scmCD70-m1 induced similar accumulation of 

OT-1 T cells in both WT and FcγRIIB KO recipients (approximately 22% of lymphocytes on 

day 4; Fig. 4.2.A) indicating that the activity is independent of FcγRIIB engagement (Fig. 

4.2.B). Additionally, in the absence of FcγRIIB, the agonistic anti-CD27 mAb led to a strong 

depletion of CD8+ T cells whereas no depletion was observed with scmCD70-m1 (Fig. 

4.2.C).  
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Figure 4.1. Purification of CD8+ OT-1 T cells for in vivo adoptive transfer. A spleen 
from an OT-1 TCR transgenic animal was harvested and processed to obtain a 
homogeneous population of splenocytes. The pre-purification profile of splenocytes was 
first analysed to confirm the presence of CD8+ OT-1 T cells. For this, approximately 0.5 x 
106 cells were stained with anti-mouse CD8a antibody and tetramer (OVA257-264tetramer-
PE) for 30 mins at 4 °C. Then the cells were analysed using a flow cytometer. The cells 
were then purified by using a CD8+ T cell isolation kit according to manufacturers’ 
instructions. Approximately 0.5 x 106 cells from the purified sample was stained with anti-
mouse CD8a antibody and tetramer for 30 mins at 4 °C. The purity was then determined by 
flow cytometry analysis.   
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Figure 4.2. In vivo expansion of OT-1 T cells in WT and FcγRIIB KO mice induced by 
scmCD70-m1 or anti-CD27. 1 x 106 purified OT-1 Tg CD8+ T cells were adoptively 
transferred into WT or FcγRIIB KO C57BL/6 recipients on day -1. Mice were immunised with 
30 nmol OVA257-264 in combination with 200 μg of indicated proteins at 0 hrs and another 
200 μg of scmCD70-m1 or mIgG1 at 6 hrs on day 0. A third 200 μg injection of scmCD70-
m1 and mIgG1 was performed on day 1. Agonistic anti-CD27 was only injected at 0 hrs on 
day 0. All injections were performed i.v. Peripheral blood samples were collected at days 4, 
5, 7, 13, 20 and 32. Expansion of total and OT-1 specific CD8+ T cells was monitored by 
staining with OVA257-264 tetramer-PE and anti-CD8a antibody using flow cytometry. (A) 
Shows the frequency of tetramer+ cells out of lymphocytes on day 4. (B) Shows the 
frequency of tetramer+ cells out of lymphocytes during the expansion and contraction 
phases. (C) Shows the frequency of total CD8+ T cells out of lymphocytes. In all cases 3 
mice per group were used. Statistical analyses were performed by using two-way ANOVA 
with Tukey’s multiple comparisons test and statistics at the peak of the response are 
indicated. ****= p<0.0001. Data points represent means +/- SEM from one experiment. 
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4.2.1 Characterisation and optimisation of in vivo stability 
 

The in vitro activity of scmCD70-m1 was similar or stronger than anti-CD27 mAb (Fig. 3.17 

and 3.26). However, its in vivo activity was significantly lower compared to mAb (Fig. 4.2.B) 

and we hypothesised that this could be a result of short in vivo stability of the scmCD70-m1 

in circulation. In order to compare the half-lives of the dimer-of-trimer scmCD70-m1 protein 

and agonistic anti-CD27 mAb, mice were intravenously injected with a single dose (250 μg) 

of scmCD70-m1 or anti-CD27 mAb (AT124-1 mIgG1) and serum samples were collected 

at 1, 6, 25, 48, 72 and 168 hrs post-injection. The presence of scmCD70-m1 and anti-CD27 

in serum samples was detected by ELISA. Known concentrations of both proteins were 

used to generate standard curves to determine the concentrations in the serum samples 

(Fig. 4.3.A). Anti-CD27 mAb had a long half-life (mean 115 μg/ml at 48 hrs) and was 

retained in the circulation, being detectable at high levels after 7 days post-injection (mean 

42.4 μg/ml; Fig. 4.3.B). Interestingly, scmCD70-m1 was rapidly cleared from the circulation 

and could only be detected at low amounts at 1 hr post-injection (mean 14.2 μg/ml; Fig. 

4.3.B). scmCD70-m1 was not detectable at later time points. 

 

The Fc domain of scmCD70-m1 was included to facilitate in vivo stability by binding to FcRn. 

However, scmCD70-m1 showed a very short half-life and this might be due to the protein 

not being able to interact with FcRn. The trimeric CD70 domains which are linked to the Fc 

domain with flexible linkers might confer steric hindrance of the FcRn binding interface. 

Thus, the ability to bind to FcRn was investigated by SPR analysis. scmCD70-m1 and anti-

CD27 mAb were directly immobilized onto flow cells in an SPR chip and different 

concentrations of recombinant FcRn were injected to flow through the flow cells. 

Interestingly, scmCD70-m1 showed a similar binding profile to the anti-CD27 mAb (Fig. 4.4) 

indicating that the short half-life was not due to scmCD70-m1 not being able to interact with 

FcRn.   
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Figure 4.3. Serum half-lives of scmCD70-m1 and anti-CD27 mAb. A single dose of 250 
μg of the indicated proteins was injected intravenously. Blood samples collected at 1, 6, 25, 
48, 72 and 168 hrs and serum collected by centrifuging at 15700 xg at 4 °C for 30 mins. 
The concentrations of scmCD70-m1 and anti-CD27 mAb were detected by ELISA on serum 
samples. For scmCD70-m1; a plate was coated with anti-CD70 mAb and presence of 
scmCD70-m1 in serum samples was detected by rat anti-mouse-Fc HRP antibody. For anti-
CD27; a plate was coated with rmCD27-hFc and presence of anti-CD27 in serum samples 
was detected by goat anti-mouse HRP. (A) Known concentrations of scmCD70-m1 and 
anti-CD27 were used to generate a standard curve to determine the concentrations in 
serum samples. Individual points and line of best fit are indicated on the graphs. (B) The 
serum concentrations of scmCD70-m1 and anti-CD27 mAb at indicated time points. Data 
points represent mean+/-SD of triplicates for scmCD70-m1 and duplicates for anti-CD27 
from one experiment. 

 

 

 



Chapter 4 

109 
 

2 0 0 4 0 0 6 0 0

-2 0

0

2 0

4 0

6 0

8 0

s c m C D 7 0 -m 1

T im e  (s e c )

R
e

s
p

o
n

s
e

 U
n

it

0  n M

0 .8  n M

4  n M

2 0  n M

1 0 0  n M

5 0 0  n M

 

200 400 600
-20

0

20

40

60

80

Anti-CD27

Time (sec)

Re
sp

on
se

 U
ni

t

0 nM
0.8 nM
4 nM
20 nM
100 nM
500 nM

 

Figure 4.4. Binding of scmCD70-m1 and anti-CD27 mAb to FcRn. Proteins (scmCD70-
m1 or anti-CD27) were immobilized onto a CM5 sensor chip by amine coupling and 
approximately 2000 RU was reached. Then FcRn was injected at the indicated 
concentrations in pH 6.0 HBS-EP+ buffer with 3 mins association and 5 mins dissociation. 
The flow rate was 30 μl/min and HBS-EP+ buffer at neutral pH was used for regeneration 
at the end of every injection.     

 

The FcRn binding profile of scmCD70-m1 suggested that other factors were contributing to 

the short half-life of this protein in vivo. In order to support proper folding, recombinant 

proteins were produced in mammalian cells to enable appropriate glycosylation. scmCD70-

m1 was produced in CHO-K1S cells and each CD70 domain and the Fc domain has 3 and 

1 N-glycosylation site(s) respectively where the Asparagine (Asn (N)) residue in the N-X-

S/T sequence, X being any amino acid apart from proline, is glycosylated (226, 227). So, a 

dimer-of-trimer protein has 20 potential N-glycosylation sites (Fig. 4.5.A) in total indicating 

that the protein is likely to be heavily glycosylated. It has been shown in many studies that 
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the type of glycosylation can impact on the in vivo stability of recombinant proteins (228). 
Thus, we hypothesised that the glycosylation on scmCD70-m1 could play a role in its short 

in vivo stability. Characterising the types of glycans on scmCD70-m1 (purified after 3 weeks 

of culture) and anti-CD27 mAb (which has 4 (2 in each heavy chain) potential N-

glycosylation sites), both produced in CHO-K1S cells, revealed that scmCD70-m1 

possessed a high level, 76.76% of glycans rich in mannose (oligomannose, Fig. 4.5.B) 

residues whereas anti-CD27 mAb had 10.37% of mannose rich glycans (Table 4.1) out of 

total glycans present on the proteins.  

 

Figure 4.5. N-linked glycosylation sites on scmCD70-m1. (A) Possible N-linked 
glycosylation sites on scmCD70-m1 are indicated. There are 3 N-glycosylation sites in each 
CD70 domain and 1 N-glycosylation site in each Fc domain.  (B) Structure of a high 
oligomannose glycan attached on to an Asn residue. The glycan consists of two N-acetyl 
glucosamine (GlcNAc) and nine mannose residues. The mannose residues can vary from 
five to nine residues but only the glycan structure with the highest mannose level is indicated 
on the figure. The cleavage sites of Endo H and PNGase F are also indicated. 
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Table 4.1. Level of oligomannose residues out of total glycans on scmCD70-m1 and 
anti-CD27 mAb. 

 
scmCD70-m1 Anti-CD27 

Total Oligomannose 76.76% 10.37% 

M9   3.33%   0.00% 

M8 21.58%   0.00% 

M7 11.19%   0.00% 

M6 18.17%   0.00% 

M5 22.48%    100% 

 

Having oligomannose residues leads to rapid clearance from the circulation as the 

endocytic mannose receptors, mainly expressed on immune cells, bind to the terminal 

mannose residues on glycoproteins (229, 230). To investigate the effect of oligomannose 

glycans on scmCD70-m1 half-life, enzymatic activity was used to cleave the oligomannose 

residues followed by in vivo characterisation. Endo H is an enzyme that only cleaves 

glycans rich in mannose residues by cleaving between the two GlcNAc residues (231) in 

the glycan structure (Fig. 4.5.B). PNGase F is another enzyme that cleaves all types of N-

linked sugar residues between the Asn and first GlcNAc residue (231) (Fig.4.5.B). 

 

Initial analytical treatment of dimer-of-trimer scmCD70-m1 with Endo H or PNGase F 

revealed that Endo H exhibited activity under both denaturing and non-denaturing 

conditions (Fig. 4.6.A) whereas PNGase F was only active under denaturing conditions (Fig. 

4.6.B). In order to maintain the structural and conformational stability of scmCD70-m1, 

further experiments focussed on using Endo H under non-denaturing conditions. To identify 

the optimal enzyme to protein ratio for large scale incubation, a titration of Endo H under 

non-denaturing conditions was carried out (Fig. 4.7). PNGase F treatment under denaturing 

conditions was also used as a positive control for complete de-glycosylation. Endo H treated 

samples migrated less than PNGase F treated samples indicating partial de-glycosylation 

by Endo H treatment. Titration of the Endo H enzyme amount per μg of scmCD70-m1 dimer-

of-trimer protein indicated that 3.125 or higher units of Endo H per μg of protein led to similar 

levels of de-glycosylation and lower Endo H concentrations had slightly less activity (Fig. 

4.7).  Based on these results and considering the amount of enzyme required for large scale 
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Endo H treatment of scmCD70-m1, 5 units of Endo H per μg of protein was used for later 

large scale treatments.  

 

Figure 4.6. De-glycosylation of scmCD70-m1 by Endo H or PNGase F treatment. (A) 
Endo H treatment or (B) PNGase F treatment of scmCD70-m1 under denaturing and non-
denaturing conditions with the indicated time and enzyme amounts. 10 μg of protein was 
treated for each indicated condition. For denaturation; proteins were incubated at 100 °C 
for 10 min with the appropriate buffers detailed in chapter 2. Then enzymes were added 
and reactions incubated for the indicated periods at 37 °C. For non-denaturing; enzymes 
were added to the reaction and incubated with the proteins for indicated time periods. After 
incubations, reducing agent (DTT) was added to all of the samples with final 62.5 mM DTT 
concentration. Samples were boiled at 95 °C for 5 mins and loaded 10 μg protein/lane into 
the 10% Bis-Tris gel. The gel was run at 100-120 V for 1.5 hrs and was Coomassie brilliant 
blue stained. Enzymes are indicated by arrows. U; units, M; molecular weight markers. 
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Figure 4.7. Titration of the amount of Endo H used for treatment of scmCD70-m1. A 
titration was carried out by using indicated amounts of Endo H per μg of protein under non-
denaturing conditions. PNGase F treated proteins (indicated amounts per μg of protein) 
were loaded as a positive control to indicate the level of complete de-glycosylation under 
denaturing conditions. For Endo H treatment; indicated amounts of enzyme were incubated 
with scmCD70-m1 protein for 3 hrs at 37 °C. For denaturation; samples were first incubated 
at 100 °C for 10 mins and then PNGase F was added for further 3 hrs incubation at 37 °C.  
10 μg of protein was loaded per lane under reducing conditions with 62.5 mM final reducing 
agent (DTT) concentration. Samples were boiled at 95 °C for 5 mins before loading into the 
10% Bis-Tris gel. The gel was run at 100-120 V for 1.5 hrs and then Coomassie brilliant 
blue stained. U; units, M; molecular weight markers. 
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A new batch of scmCD70-m1 was produced in CHO-K1S cells after 2 weeks of culture and 

the dimer-of-trimer protein was fractionated. 20 mgs of this dimer-of-trimer scmCD70-m1 

was treated with Endo H at a ratio of 5 units of enzyme per μg of protein for 3 hrs at 37 °C. 

The activity of Endo H and removal of glycan residues was confirmed via SDS-PAGE 

analysis by running a small amount of Endo H treated protein and comparing with untreated 

protein (Fig. 4.8.A). Then the whole sample was fractionated by SEC to remove the enzyme 

and isolate the Endo H treated protein (Fig. 4.8.B). The removal of Endo H was confirmed 

by comparing the samples before and after purification by SDS-PAGE (Fig. 4.8.C). Endo H 

treatment did not influence the ability of scmCD70-m1 to bind CD27 as determined by SPR 

analysis (Fig. 4.8.D). After purifying the Endo H treated protein, a small amount of untreated 

and Endo H treated scmCD70-m1, from the same batch, were analysed for the level of 

oligomannose residues. The untreated protein had 31.04% oligomannose residues out of 

total glycans whereas Endo H treatment reduced the level to 7.05% (Table 4.2). This level 

of oligomannose glycans in untreated scmCD70-m1 was lower than the previously analysed 

sample (76.76%) which was produced in a 3 week culture. Additionally, the majority of the 

oligomannose glycans were in the M5 form when the protein was produced in a 2 week 

culture and a low percentage of oligomannose residues with longer chains was observed 

compared to the protein produced in a 3 week culture (compare Tables 4.1 and 4.2).  
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Figure 4.8. Large scale Endo H treatment of scmCD70-m1. A new batch of scmCD70-
m1 was produced in CHO-K1S cells and dimer-of-trimer protein was isolated as described 
previously. 20 mgs of dimer-of-trimer scmCD70-m1 was then subjected to large scale Endo 
H treatment with a ratio of 5 units of enzyme per μg of protein. (A) SDS-PAGE analysis to 
confirm de-glycosylation of scmCD70-m1 after Endo H treatment. (B) SEC to isolate Endo 
H treated scmCD70-m1 from the enzyme. Indicated fraction was isolated to recover the 
Endo H treated scmCD70-m1 protein. The peaks for dimer-of -trimer scmCD70-m1 and 
Endo H enzyme are indicated. (C) SDS-PAGE to confirm removal of Endo H from 
scmCD70-m1. (D) SPR analysis to confirm CD27 binding of Endo H treated scmCD70-m1. 
An anti-human IgG chip was used to capture rmCD27-hFc which was injected at 5 μg/ml. 
Then Endo H treated scmCD70-m1 was injected at 10 μg/ml. All samples were prepared in 
HBS-EP+ buffer and injected with 10 μl/min flow rate for 5 mins. CD70; Endo H treated 
scmCD70-m1, CD27; rmCD27-hFc. For SDS-PAGE gels, 10 μg of protein was loaded per 
lane under reducing conditions with 62.5 mM final DTT concentration. Samples were boiled 
at 95 °C for 5 mins before loading into the 10% Bis-Tris gel. Gels were Coomassie brilliant 
blue stained. M; molecular weight markers.  
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Table 4.2. Level of oligomannose residues out of total glycans on untreated and 
Endo H treated scmCD70-m1. 

 
Untreated 
scmCD70-m1 

Endo H treated 
scmCD70-m1 

Total Oligomannose 31.04%   7.05% 

M9   0.00%   0.00% 

M8   2.09%   0.00% 

M7   1.67%   0.64% 

M6   7.33%   3.88% 

M5 19.95%   2.53% 

 

Although the ability of Endo H treated scmCD70-m1 protein to bind CD27 was confirmed 

via SPR analysis, to confirm that it still retained its activity, an in vitro T-cell proliferation 

assay was performed. T cells were stimulated with agonistic anti-CD3 mAb in combination 

with control or CD27-targeting proteins. Both untreated and Endo H treated scmCD70-m1 

induced enhanced proliferation of T cells compared to control and the activity was similar 

to an agonistic anti-CD27 mAb (Fig. 4.9). The untreated sample showed a slightly higher 

activity compared to Endo H treated protein but this was not statistically significant. At the 

highest anti-CD3 concentration, the level of proliferation stimulated by untreated scmCD70-

m1 was significantly higher than the agonistic anti-CD27 mAb (Fig. 4.9).  
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Figure 4.9. Comparison of proliferation of T cells stimulated with untreated and Endo 
H treated scmCD70-m1. Splenocytes (2 x 105) from a WT C57BL/6 mouse were stimulated 
with agonistic anti-CD3 mAb (clone 145-2C11) at the indicated concentrations in 
combination with indicated proteins at 10 μg/ml. 3H-thymidine was added at 48 hrs and 
harvested after 17 hrs of further incubation. Each anti-CD3 concentration was plated in 
triplicate. Statistical analyses were performed by using two-way ANOVA with Tukey’s 
multiple comparisons test and statistics at the highest anti-CD3 concentration are indicated. 
Ns; not significant, ***=p<0.001, ****=p<0.0001. Mean +/- SEM of triplicates are indicated. 
Data representative of two independent experiments. 

 

4.2.2 Investigating the in vivo activity of Endo H treated scmCD70-m1 
 

After confirming the similar in vitro activity of untreated and Endo H treated scmCD70-m1 

proteins, the in vivo half-life of these proteins was investigated to test the hypothesis that 

removal of oligomannose type glycans will improve the in vivo stability of the protein. Mice 

received a single injection of untreated and Endo H treated proteins at time 0 and serum 

samples were obtained at 1, 6, 25 and 48 hrs post-injection. The concentration of the 

proteins in the serum was determined by ELISA as before. A standard curve was generated 

using known concentrations of scmCD70-m1 (Fig. 4.10.A) and was used to determine the 

concentrations in the serum samples. As predicted, the in vivo stability of the Endo H treated 

protein was significantly improved compared to the untreated protein. A higher 

concentration of Endo H treated scmCD70-m1 could be detected as early as 1 hr post 

injection and the Endo H treated protein could also be detected up to 48 hrs post injection 

whereas the untreated version could only be detected at the 1 hr time point (Fig. 4.10.B) 

consistent with previous results (Fig. 4.3.B). Although, the half-life of the Endo H treated 

protein was still shorter than the anti-CD27 mAb (compare to Fig. 4.3.B), these results 
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suggested that the in vivo activity of the Endo H treated scmCD70-m1 might be enhanced 

compared to the untreated version.  

 

Figure 4.10. In vivo serum stability of untreated and Endo H treated scmCD70-m1. A 
single dose of 250 μg of the indicated proteins was injected i.v. into 3 mice for each group. 
Peripheral blood samples collected at 1, 6, 25 and 48 hrs and serum collected by 
centrifuging at 15700 xg at 4 °C for 30 mins. The concentrations of untreated and Endo H 
treated scmCD70-m1 were detected by ELISA on serum samples. A plate was coated with 
anti-CD70 mAb and presence of scmCD70-m1 in serum samples was detected by rat anti-
mouse-Fc HRP antibody. (A) Known concentrations of scmCD70-m1 were used to generate 
a standard curve to determine the concentrations in serum samples. Individual points and 
line of best fit are shown on the graph. (B) The concentrations of untreated and Endo H 
treated scmCD70-m1 at indicated time points. Statistical analysis was performed by using 
Student’s t test. ***=p<0.001. Data points represent mean +/- SEM from one experiment.  
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In order to test this hypothesis, 5 x 105 OT-1 T cells were adoptively transferred to WT 

recipient mice which were then immunised with the OVA257-264 peptide in combination with 

control or CD27 agonist proteins. As observed previously (Fig. 4.2.B), untreated scmCD70-

m1 and anti-CD27 mAb stimulated expansion of antigen specific T cells with anti-CD27 mAb 

generating a higher response (Fig. 4.11.A). However, Endo H treated scmCD70-m1 

stimulated a response much higher than untreated scmCD70-m1 and the level was similar 

to anti-CD27 mAb with a slower contraction phase (Fig. 4.11.A).  

 

Having confirmed the in vivo activity of Endo H treated scmCD70-m1 and observing a 

response similar to agonistic mAb, lower numbers of OT-1 T cells were transferred into WT 

recipients to better reflect physiological response levels. After transfer of 1 x 105 OT-1 T 

cells again the untreated scmCD70-m1 could stimulate the expansion of antigen specific T 

cells but only a low response was generated (Fig. 4.11.B). Endo H treated protein was 

significantly better than the untreated version but interestingly the response to the Endo H 

treated scmCD70-m1 was also higher than the anti-CD27 mAb at the peak of the response 

(Fig. 4.11.B).  A similar activity was observed when 1 x 104 OT-1 T cells were transferred. 

Specifically, the activity of untreated scmCD70-m1 was negligible compared to control 

whereas anti-CD27 and Endo H treated scmCD70-m1 stimulated significantly higher 

expansion of antigen specific T cells with the Endo H treated protein generating the highest 

response (Fig. 4.11.C). Overall, these results, using different numbers of OT-1 T cells for 

transfer, suggested that the Endo H treatment of scmCD70-m1 contributed to enhanced in 

vivo half-life which resulted in a higher activity in stimulating the expansion of antigen 

specific T cells in vivo. Interestingly, despite the much shorter half-life, Endo H treated 

scmCD70-m1 generated a higher response than the anti-CD27 mAb when low numbers of 

OT-1 T cells were transferred. 
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Figure 4.11.  In vivo expansion of OT-1 T cells stimulated with CD27 agonists. Naïve 
5 x 105 (A), 1 x 105 (B) and 1 x 104 (C) OT-1 T cells were adoptively transferred into WT 
recipients on day -1. Mice were immunised with 30 nmol OVA257-264 in combination with 250 
μg of indicated proteins on day 0 and another 250 μg dose of proteins on day 1. Peripheral 
blood was collected on indicated time points and expansion of OT-1 specific CD8+ T cells 
was monitored by staining with anti-mouse CD8a and OVA257-264 tetramer or anti-mouse 
CD45.1 antibody. Anti-mouse CD45.1 antibody was used where OT-1 T cells transferred 
were CD45.1 congenic (B and C). All samples were injected intravenously. Data were 
collected by flow cytometry and 3 mice per group were used. Statistical analyses were 
performed by using two-way ANOVA with Tukey’s multiple comparisons test and statistics 
at the peak of the response are indicated. Ns; not significant, ***=p<0.001, ****= p<0.0001. 
Data indicate mean +/- SEM from one experiment for each transfer model.   
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After confirming the potency of Endo H treated scmCD70-m1 to stimulate antigen specific 

T-cell expansion in vivo, both with high and low dose adoptive transfer models, the anti-

tumour efficacy of untreated and Endo H treated scmCD70-m1 and anti-CD27 was 

compared in a BCL1 model. For this, 5 x 106 BCL1 cells were intravenously injected into 

WT mice on day 0 and animals received the indicated proteins on days 5, 6, 7 and 8. The 

untreated scmCD70-m1 did not provide a survival benefit and activity was similar to the 

control group (Fig. 4.12). However, the Endo H treated scmCD70-m1 significantly improved 

the survival of mice, delaying tumour growth by an average of 32 days compared to control 

and untreated scmCD70-m1 groups. The activity observed with agonistic anti-CD27 mAb 

was similar to the activity of Endo H treated scmCD70-m1 (Fig. 4.12).  
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Figure 4.12. Anti-tumour efficacy of untreated and Endo H treated scmCD70-m1 in 
BCL1 model. 5 x 106 BCL1 cells were injected into WT BALB/c mice on day 0. Animals 
then received the indicated proteins on days 5, 6, 7 and 8. 200 μg of proteins injected at 
each time point. Five mice per group were used. Mice were culled when a humane end-
point was reached. Statistical analyses were performed by using Log-rank test. Ns; not 
significant, **=p<0.01. Data for untreated scmCD70-m1, anti-CD27 and control are 
representative from two independent experiments. Data for Endo H treated scmCD70-m1 
is from one experiment. 
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scmCD70-m1 was designed to act independently of FcγR cross-linking to induce co-

stimulation of T cells. Previously, scmCD70-m1 was found to interact with FcγRIIB (Fig 3.14) 

and glycosylation of the Fc domain is critical for the interaction with FcγRs (232). As Endo 

H treated protein was partially de-glycosylated to remove oligomannose residues, this might 

have contributed to eliminating the interaction of Endo H treated protein with FcγRs. Thus, 

FcγR binding of untreated scmCD70-m1, Endo H treated scmCD70-m1 and anti-CD27 mAb 

(mIgG1) was investigated by SPR analysis. To test this, the CD27 agonist proteins were 

directly immobilized into the flow cells of an SPR chip and FcγR solutions were passed over 

the chip at different concentrations. Anti-CD27 mIgG1 mAb bound to FcγRIIB and FcγRIII 

but did not bind to FcγRI and FcγRIV (Fig. 4.13) as expected (167). The scmCD70-m1 

protein contains the Fc domain of the mIgG1 isotype and both untreated and Endo H treated 

proteins showed the same binding profile as the mAb with binding only apparent to FcγRIIB 

and FcγRIII (Fig. 4.13). For FcγRI and FcγRIV binding, the highest concentration was 

injected first and as there was no binding, the rest of the concentrations were not injected.  
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Figure 4.13. FcγR binding of anti-CD27 mAb, untreated scmCD70-m1 or Endo H 
treated scmCD70-m1. FcγR binding of indicated proteins investigated by SPR analysis. 
Proteins were directly immobilized into the flow cells of a CM5 sensor chip by amine 
coupling to achieve 2000-3000 RU and FcγR solutions were injected at indicated 
concentrations in HBS-EP+ running buffer (0, 50, 100, 200, 400 and 800 nM) with 5 mins 
association and 10 mins dissociation time with the flow rate; 30 μl/min.  
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The in vivo activity of untreated scmCD70-m1 is independent of FcγRIIB availability (Fig. 

4.2.B) yet both untreated and Endo H treated proteins bind to both FcγRIIB and FcγRIII (Fig. 

4.13) via SPR analysis. In order to investigate the role of all FcγRs on the activity of Endo 

H treated scmCD70-m1, OT-1 T cells were adoptively transferred into WT or FcγR1,2,3,4 

KO recipients; the latter lack all FcγRs. Thus, 1 x 104 purified OT-1 T cells were transferred 

into mice prior to immunisation with OVA257-264 peptide in combination with control or CD27 

targeting proteins.  The untreated scmCD70-m1 was only injected into WT recipients, and 

as previously observed in this low number transfer model (Fig 4.11), there was negligible 

(<0.5% of CD8+  at the peak of the response) antigen specific T-cell expansion (Fig.4.14). 

Agonistic anti-CD27 mAb stimulated the expansion of antigen specific T cells in the WT 

recipients (7% of CD8+ at the peak of the response) but as observed in the FcγRIIB KO 

animals previously (Fig. 4.2.B), activity was lost in the FcγR1,2,3,4 KO animals (Fig. 4.14). 

Endo H treated protein stimulated the highest level of antigen specific T-cell expansion in 

the WT recipients (15.4% of CD8+ at the peak of the response) and was also active in the 

FcγR1,2,3,4 KO recipients (7% of CD8+ at the peak of the response) (Fig. 4.14). 

Interestingly, the level of antigen specific T-cell expansion in FcγR1,2,3,4 KO animals was 

lower than in WT animals with the Endo H treated protein. As the Endo H treated protein 

can bind to FcγRIIB and FcγRIII (Fig. 4.13), the results suggested that while Endo H treated 

scmCD70-m1 still shows activity in the absence of FcγRs, its efficacy might be increased 

by being cross-linked by FcγR interaction.  

 

Additionally, to investigate the ability of scmCD70-m1 to generate a memory T-cell 

population, WT mice were left until the primary response contracted to levels in which <1% 

of CD8+ T cells were OT-1 cells, and were then immunised with OVA257-264 peptide in 

combination with anti-CD40 mAb as an adjuvant. As observed with the primary response, 

the highest secondary response was generated in the group that was primarily immunised 

with Endo H treated scmCD70-m1 (Fig. 4.15). Interestingly, although the primary response 

was negligible with the untreated scmCD70-m1, a secondary response similar to that of the 

anti-CD27 group was generated (Fig. 4.15). This suggested that, the magnitude of the initial 

priming with untreated scmCD70-m1 was strong enough to generate a memory population 

to respond in the case of secondary encounter with the antigen. Only 2 out of 3 mice 

responded from each group. Thus, there was no statistical difference between the groups.  
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Figure 4.14. In vivo expansion of OT-1 T cells stimulated with Endo H treated 
scmCD70-m1 in the absence of FcγR. Naïve 1 x 104 purified CD45.1 congenic OT-1 T 
cells were adoptively transferred into WT or FcγR1,2,3,4 KO recipients on day -1. Mice were 
immunised with 30 nmol OVA257-264 in combination with 250 μg of indicated proteins on day 
0 and another 250 μg dose of proteins on day 1. Peripheral blood was collected on indicated 
time points and expansion of OT-1 specific CD8+ T cells was monitored by staining with 
anti-mouse CD8a and anti-mouse CD45.1 antibody. All samples were injected 
intravenously. Data were collected by flow cytometry and 3 mice per group were used. 
Statistical analyses were performed by using two-way ANOVA with Tukey’s multiple 
comparisons test and statistics at the peak of the response are indicated. Ns; not significant, 
***=p<0.001, ****= p<0.0001. Mean +/- SEM are indicated.  Data representative of two 
independent experiments.  
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Figure 4.15. Secondary response after initial priming with anti-CD27, untreated 
scmCD70-m1 or Endo H treated scmCD70-m1. Mice were initially immunised as 
described in Figure 4.14. For the secondary response, mice received i.v. injection of 30 
nmol OVA257-264 in combination with 50 μg anti-CD40 (clone 3/23, rIgG2a). Peripheral blood 
was collected on day 6 after secondary immunisation and expansion of OT-1 specific CD8+ 
T cells was monitored by staining with anti-mouse CD8a and anti-mouse CD45.1 antibody. 
Mean +/- SEM of 3 mice per group are indicated from one experiment.   

 

4.2.3 Generation and characterisation of scmCD70 with “silent” Fc 
 

In order to further investigate if FcγR cross-linking contributes to the enhanced activity of 

Endo H treated scmCD70-m1 in WT mice, a new construct with a D265A mutation in the Fc 

region, to generate a protein lacking FcγR interaction (“silent” Fc) (233) was generated as 

single chain mouse CD70 - mouse mutant 1 (scmCD70-mm1). The D at position 573 in 

scmCD70-m1 sequence was mutated to A (see Appendix Fig. 1). The DNA sequence for 

the mutated Fc domain was ordered commercially and supplied in PMA-T plasmid flanked 

with XbaI and EcoRI restriction sites. After transformation into bacteria and subsequent 

DNA extraction to amplify the amount of DNA, a preparative digest was performed by 

digesting 3 μg of plasmid DNA with 15 units of XbaI and EcoRI for 2 hrs at 37 °C. The 

digested DNA was run on a 1% agarose gel and the insert extracted (Fig. 4.16.A).  
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Figure 4.16. Cloning of scmCD70-mm1 into pEE14 expression vector. (A) The PMA-T 
plasmid DNA with the insert containing D265A mutation was digested with XbaI and EcoRI 
restriction enzymes. 3 μg of plasmid DNA was digested with 15 units of each enzyme at 37 
°C for 2 hrs. 200 ng of digested sample was run in each minor (Min) lane and the rest was 
run in the major lane. The digested insert (indicated by the arrow) was extracted from the 
gel without exposure to UV light. (B) Six colonies of pEE14 – scmCD70-mm1 transformed 
OneShot TOP10 cells were grown in LB-amp cultures for 17 hrs at 37 °C and plasmid DNA 
was isolated by using mini-prep kits (Qiagen).  400 ng of isolated plasmid DNA from each 
colony was digested with 2 units of XbaI and 2 units of EcoRI for 2 hrs at 37 °C and 200 ng 
of each sample was visualised on an agarose gel. The digested insert is indicated by the 
arrow. All samples on (A) and (B) were run on 1% agarose gel. M; molecular weight 
markers.   

 

In order to produce stable CHO-K1S clones, the insert was cloned into the pEE14 vector 

(see Appendix Fig. 6) which was previously digested with XbaI and EcoRI (Fig. 3.19.A) to 

enable the change of Fc domain. A 3:1 insert to vector Molar ratio was used for ligation and 

a small amount of the reaction was transformed into OneShot TOP10 cells. Mini-cultures 

were grown from individual colonies and plasmid DNA isolated from 6 colonies. A small 

amount of plasmid DNA from each colony was then digested with XbaI and EcoRI to confirm 

the ligation (Fig. 4.16. B). This digestion produced a DNA product of approximately 713 bp 

as expected and colony #6 was further grown to amplify the pEE14-scmCD70-mm1  vector. 

Then CHO-K1S cells were stably transfected and clones were generated as described 

previously (chapter 3). From the initial screening, two clones were found to secrete 

scmCD70-mm1 by ELISA (data not shown) and after further growth, the level of secretion 

was investigated. A standard curve was generated using scmCD70-m1 (Fig. 4.17.A) and 

was used to measure the concentration of scmCD70-mm1 secreted in CHO-K1S clone 
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supernatants (Fig. 4.17.B). The cells were at the same level of confluency and clone A 

produced 2.88 μg/ml whereas clone B produced 10 μg/ml of protein. The ability of 

scmCD70-mm1 to bind recombinant CD27 was also confirmed via SPR analysis and clone 

B showed a higher level of binding. Clone A generated 270 RU whereas clone B generated 

544 RU (Fig.4.17.C).  

 

Figure 4.17. Expression of scmCD70-mm1 and binding to CD27. Concentration of 
scmCD70-mm1 in supernatants from CHO-K1S cells was determined by ELISA. The plate 
was coated with goat anti-mouse IgG and presence of scmCD70-m1 in supernatants was 
detected by goat anti-mouse-Fc HRP antibody. (A) A standard curve was generated using 
known concentrations of scmCD70-m1 and was used to determine the concentration of 
scmCD70-mm1 in supernatants. Individual points and line of best fit are shown on the 
graph. (B) Concentration of scmCD70-mm1 secreted by each clone. Blank wells containing 
neat cell culture medium were used as negative controls. Mean +/- SD are representative 
of duplicates. (C) CD27 binding of scmCD70-mm1 in supernatants was confirmed by SPR. 
An anti-human IgG chip was used to determine the binding of scmCD70-mm1 to CD27. 
First the supernatants were injected to confirm no background binding. Then rmCD27-hFc 
was captured on the chip and finally supernatant was injected again to determine binding 
to rmCD27-hFc. rmCD27-hFc was injected at 5 μg/ml in HBS-EP+ running buffer. 
Supernatants were injected as neat samples. Blank medium was used to confirm the 
background binding to the chip and rmCD27-hFc. Samples were injected with a flow rate of 
10 μl/min for 5 mins. The labels in the graph indicate the solution injected at that time point. 
CD70; scmCD70-mm1 supernatant, CD27; rmCD27-hFc.  
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Considering the level of protein secretion and binding to CD27, clone B was used for further 

bulk culture and protein was produced by growing CHO-K1S cells for 2 weeks and 

harvesting the supernatant. The protein was purified in the same way as scmCD70-m1 

(detailed in chapter 3) and the dimer-of-trimer protein was further purified by SEC (Fig. 

4.18.A). The profile of the protein at this time was similar to that of the parental scmCD70-

m1 protein with a mix of dimer-of-trimer and higher-order structures. The purity of the 

isolated dimer-of-trimer protein was confirmed by analytical SEC (Fig. 4.18.B). In order to 

compare this new protein with the Endo H treated scmCD70-m1, 20 mgs of protein was 

treated with Endo H with a ratio of 5 units of enzyme per μg of protein for 3 hrs at 37 °C. 

The protein was then fractionated again by SEC to remove the Endo H and purify the Endo 

H treated scmCD70-mm1 protein (Fig. 4.18.C). The purity and removal of enzyme was 

confirmed by analytical SEC (Fig. 4.18.D). Additionally, the purity of the untreated and Endo 

H treated proteins, and removal of the enzyme was also confirmed by SDS-PAGE (Fig. 

4.19). The shift in the size of the Endo H treated protein was very low compared to the 

untreated protein. However, glycosylation analysis revealed that untreated scmCD70-mm1 

had 21.12% of total oligomannose content, which was significantly lower than the amount 

present on scmCD70-m1, and this was reduced to 1.50% after Endo H treatment (Table 

4.3). 
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Figure 4.18. Purification and fractionation of scmCD70-mm1. CHO-K1S cells were 
grown for 2 weeks and supernatant was harvested. scmCD70-mm1 protein was first purified 
by protein A purification and then fractionated by SEC. (A) Purification of dimer-of-trimer 
fractions. The dimer-of-trimer fraction isolated (256 ml – 276 ml) is indicated on the graph. 
(B) Profile of isolated scmCD70-mm1 on analytical SEC column. (C) Fractionation of 
scmCD70-mm1 after Endo H treatment. 15 mgs of scmCD70-mm1 dimer-of-trimer protein 
was treated with Endo H with 5 units of enzyme to 1 μg of protein ratio (detailed in chapter 
2). Then the enzyme treated protein was isolated by SEC. The isolated dimer-of-trimer 
fraction (246 ml – 290 ml) is indicated on the graph. (D) Profile of Endo H treated scmCD70-
mm1 dimer-of-trimer protein after purification on analytical SEC column. For fractionation, 
samples were run on Superdex 200 26/950 (in-house). For analytical analysis, samples 
were run on Superdex 200 5/150 GL (GE Healthcare).  
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Figure 4.19. Purity and Endo H treatment of scmCD70-mm1. Samples from 
unfractionated (unfract) scmCD70-mm1, untreated scmCD70-mm1 and Endo H treated 
scmCD70-mm1 were analysed by SDS-PAGE. For unfractionated and untreated 
scmCD70-mm1, samples were prepared under reducing and non-reducing conditions. 
Endo H treated samples were prepared under reduced conditions. Reduced samples had 
a final concentration of 62.5 mM reducing agent (DTT). Samples were boiled at 95 °C for 5 
mins and 10 μg of protein was loaded on 10% Bis-Tris gel. The gel was run at 100-120 V 
for 1.5 hrs and then Coomassie brilliant blue stained. The band corresponding to Endo H is 
indicated by the arrow. M; molecular weight markers, NR; non-reduced, R; reduced. 
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Table 4.3. Level of oligomannose residues out of total glycans on untreated and 
Endo H treated scmCD70-mm1. 

 
Untreated 
scmCD70-mm1 

Endo H treated 
scmCD70-mm1 

Total Oligomannose 21.12%   1.50% 
M9   0.63%   0.00% 
M8   1.18%   0.00% 
M7   1.02%   0.00% 
M6   3.17%   0.56% 
M5 15.13%   0.94% 

 

As scmCD70-mm1 was produced to eliminate binding to FcγR, the ability of scmCD70-mm1 

to bind FcγR was investigated by SPR analysis and compared to scmCD70-m1. As 

previously observed, scmCD70-m1 showed binding to FcγRIIB and FcγRIII but not FcγRI 

and FcγRIV (Fig. 4.20). However, scmCD70-mm1 did not bind any of the FcγRs (Fig. 4.20) 

confirming that the mutation eliminated the interaction with FcγRs. 



Chapter 4 

133 
 

 

Figure 4.20. Comparison of FcγR binding of scmCD70-m1 and scmCD70-mm1. FcγR 
binding of scmCD70-mm1 was investigated by SPR analysis and compared to scmCD70-
m1. Proteins (scmCD70-m1 and scmCD70-mm1) were directly immobilized via amine 
coupling into the flow cells of a CM5 sensor chip to achieve 2000 RU. Then the indicated 
FcγR solutions were injected at 200 nM in HBS-EP+ buffer with 5 mins association and 10 
mins dissociation time with a flow rate of 30 μl/min.  

 

Initially to confirm the lack of FcγR binding in a cell activation assay, Jurkat cells with NF-

κB GFP reporter activity and stably transfected with WT mouse CD27 (detailed in chapter 

5) were cultured with or without mouse FcγRIIB expressing CHO-K1 cells and stimulated 

with scmCD70-m1 or scmCD70-mm1. This assay enables GFP to be used as a read-out of 

NF-κB activity downstream of CD27. Both proteins similarly stimulated the activation of 

Jurkat cells (Fig. 4.21) in the absence of CHO-K1 mediated cross-linking. Co-culturing the 

Jurkat cells with FcγRIIB expressing CHO-K1 cells increased the percentage of GFP+ cells 

induced by scmCD70-m1 but not scmCD70-mm1 (Fig. 4.21). These results indicated that 

additional FcγR mediated cross-linking can improve the activity of scmCD70-m1 but not 

scmCD70-mm1.  
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Figure 4.21. Activation of CD27 transfected Jurkat-NF-κB-GFP reporter cells upon 
stimulation with scmCD70-m1 and scmCD70-mm1. Jurkat-NF-κB-GFP reporter cells 
transfected with WT mouse CD27 were stimulated with indicated proteins with or without 
mouse FcγRIIB expressing CHO-K1 cells. The Jurkat and CHO-K1 cells were co-cultured 
at a 1:1 ratio and 1 x 105 of each cell type was used in the culture. Cells were incubated 
with the indicated proteins at 10 μg/ml for 6 hrs at 37 °C before measuring the level of GFP 
positive cells as the outcome of activation by flow cytometry. Statistical analysis was 
performed using one-way ANOVA with Tukey’s multiple comparisons test. ****= p<0.0001. 
Mean +/- SD of duplicates are indicated from one experiment. 
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4.2.4 In vivo comparison of Endo H treated scmCD70-m1 and scmCD70-mm1 
 

After confirming that scmCD70-mm1 is capable of initiating CD27 mediated signalling in 

vitro yet does not interact with FcγR, the in vivo activity of scmCD70-mm1 was investigated. 

In order to compare with scmCD70-mm1, a new batch of untreated and Endo H treated 

scmCD70-m1 was also generated (as described previously). Initially the in vivo half-lives of 

the new scmCD70-m1 and scmCD70-mm1 batches were examined. WT mice received a 

single injection of proteins and serum samples were obtained at 1, 6, 25 and 48 hrs post-

injection and the concentration of proteins was determined by ELISA. Standard curves were 

generated for each protein by using known concentrations (Fig. 4.22.A) and used to 

determine the concentrations in serum samples. As observed previously, untreated 

scmCD70-m1 could only be detected at 1 hr post-injection whereas Endo H treated 

scmCD70-m1 could be detected up to 48 hrs post-injection (Fig. 4.22.B). Untreated 

scmCD70-mm1 showed much higher stability than untreated scmCD70-m1 but Endo H 

treated scmCD70-mm1 showed the highest stability which indicates that removing 

oligomannose residues also improved the in vivo stability of scmCD70-mm1 (Fig. 4.22.B).  
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Figure 4.22. Serum half-lives of scmCD70-m1 and scmCD70-mm1 proteins. A single 
dose of 250 μg of indicated proteins was injected intravenously into 3 mice for each group. 
Peripheral blood samples collected at 1, 6, 25 and 48 hrs and serum collected by 
centrifuging at 15700 xg at 4 °C for 30 mins. Concentration of the proteins in serum samples 
was determined by ELISA. The plates were coated with anti-CD70 mAb (TAN 1-7) and the 
presence of proteins in serum samples was detected with rat anti-mouse-HRP. (A) Known 
concentrations of scmCD70-m1 were used to generate a standard curve to determine the 
concentrations in serum samples. Individual points and line of best fit are shown on each 
graph. (B) The concentrations of scmCD70-m1 and scmCD70-mm1 proteins at indicated 
time points. Mean +/- SEM are indicated from one experiment. 
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In order to investigate the in vivo activity of scmCD70-mm1 and compare to the activity of 

scmCD70-m1, 1 x 104 purified OT-1 T cells were adoptively transferred into WT and 

FcγR1,2,3,4 KO recipients. Then mice were immunised with OVA257-264 peptide in 

combination with control, untreated scmCD70-mm1, Endo H treated scmCD70-mm1 or 

Endo H treated scmCD70-m1. Untreated scmCD70-m1 was not used in this experiment as 

the activity was thoroughly characterised in previous assays and the response was 

negligible with this very low cell number transfer (Fig. 4.11.C & 4.14). Untreated scmCD70-

mm1 was included in this experiment as the in vivo stability was higher than untreated 

scmCD70-m1 which indicated that it might show better activity than scmCD70-m1 protein. 

However, in WT recipients, untreated scmCD70-mm1 did not induce expansion of antigen 

specific OT-1 cells (Fig. 4.23). Although in WT mice, Endo H treated scmCD70-mm1 

stimulated the expansion of antigen specific T cells, the highest activity was achieved by 

Endo H treated scmCD70-m1. Interestingly, in FcγR1,2,3,4 KO mice, Endo H treated 

scmCD70-mm1 induced a response slightly higher than Endo H treated scmCD70-m1 (Fig. 

4.23). This indicated that as hypothesised, in WT mice, Endo H treated scmCD70-m1 

receives cross-linking via FcγRs and this enhances its activity. In FcγR1,2,3,4 KO mice, 

there are no FcγRs and both proteins act only via dimer-of-trimeric interactions indicating 

that, where there are no FcγRs available, Endo H treated scmCD70-mm1 shows better 

activity possibly as a result of having better in vivo stability (Fig. 4.23).  
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Figure 4.23. Comparison of in vivo expansion of OT-1 T cells stimulated with Endo H 
treated scmCD70-m1 or scmCD70-mm1. Naïve 1 x 104 CD45.1 congenic OT-1 T cells 
were adoptively transferred into WT or FcγR1,2,3,4 KO recipients on day -1. Mice were then 
immunised with 30 nmol OVA257-264 in combination with 250 μg of indicated proteins on day 
0 and another 250 μg dose of proteins on day 1. All samples were injected intravenously. 
Peripheral blood was collected on indicated time points and expansion of OT-1 specific 
CD8+ T cells was monitored by staining with anti-mouse CD8a and anti-mouse CD45.1 
antibody. Data were collected by flow cytometry and 3 mice per group were used. Statistical 
analyses were performed by using two-way ANOVA with Tukey’s multiple comparisons test 
and statistics at the peak of the response are indicated. *=p<0.05. Mean +/- SEM are 
indicated.  Data representative of two independent experiments. 
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As Endo H treated scmCD70-mm1 could induce in vivo expansion of antigen specific CD8+ 

T cells, anti-tumour efficacy was investigated in a BCL1 model and compared to Endo H 

treated scmCD70-m1 and agonistic anti-CD27 mAb. As before, 5 x 106 BCL1 cells were 

injected into WT mice on day 0 prior to treatment with the indicated proteins on days 5, 6, 

7 and 8 with 200 μg of proteins at every injection. The results indicated that Endo H treated 

scmCD70-mm1 could improve survival compared to the control group and activity was 

similar to Endo H treated scmCD70-m1 and agonistic anti-CD27 mAb (Fig. 4.24). Together 

the data presented here show that dimer-of-trimer activity is sufficient to induce activation 

and expansion of antigen specific T cells and can also induce an anti-tumour response. 

 

 

Figure 4.24. Anti-tumour efficacy of Endo H treated scmCD70-mm1 in BCL1 model. 5 
x 106 BCL1 cells were injected into WT BALB/c mice on day 0. Animals then received the 
indicated proteins on days 5, 6, 7 and 8 with 200 μg of proteins being injected at each time 
point.  All injections were performed intravenously. Mice were culled when a humane end-
point was reached. Statistical analyses were performed by using Log-rank test. Ns; not 
significant, **=p<0.01.  Data are from one experiment. 
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4.3 Discussion 
 

Data presented in this chapter illustrate that scmCD70-m1 can induce in vivo expansion of 

antigen specific T cells and stimulate an anti-tumour response in a BCL1 model. The 

presence of oligomannose type glycans negatively influences the in vivo stability and 

activity of scmCD70-m1 but this can be rectified by enzymatic removal using Endo H. In 

keeping with the rationale of designing scmCD70-m1, the protein can induce in vivo 

expansion of T cells independent of FcγR availability whereas the activity of agonistic anti-

CD27 mAb is completely dependent on FcγR cross-linking. Additionally, the dimer-of-trimer 

scmCD70-m1 can induce in vivo T-cell expansion with only dimer-of-trimeric interactions 

but having an intact Fc, enabling FcγR cross-linking, can further enhance the activity.  

  

Although the potency of anti-mouse CD27 mAb (AT124-1, rIgG2a) was previously 

demonstrated (234), initial experiments shown here confirm the potency of the highly 

agonistic mIgG1 isotype of AT124-1 to stimulate in vivo expansion of antigen specific T cells 

(Fig. 4.2.B). In line with data from anti-human CD27 mAb (43), its efficacy was completely 

dependent on the availability of FcγRs, specifically FcγRIIB. In line with data on the mIgG1 

isotype (167), further assays showed that anti-CD27 mIgG1 binds to FcγRIIB and FcγRIII 

by SPR analysis (Fig. 4.13). In FcγRIIB KO mice, the antibody depleted CD8+ T cells to very 

low levels (Fig. 4.2.C) which was likely a reflection of mAb binding to FcγRIII as direct 

targeting mAbs bind to activatory FcγRs (FcγRI, FcγRIII and FcγRIV) and induce depletion 

of target cells (235). The data presented here indicate that in the absence of FcγRIIB, 

agonistic anti-CD27 mAb may bind to FcγRIII and induce an activity similar to a direct 

targeting mAb. This finding is important as it suggests that depending on the availability of 

FcγRs, the activity of the mAbs can change significantly and mAbs can produce different 

effects in different tissues or in the tumour microenvironment. 

 

Encouragingly, scmCD70-m1 also promoted expansion of T cells in vivo. However, unlike 

anti-CD27, this protein was still active in mice lacking FcγRIIB and there was no depletion 

of CD8+ T cells with scmCD70-m1 regardless of availability of FcγRs (Fig. 4.2). These data 

indicated that scmCD70-m1 can still work without the dependence on FcγR availability, 

creating an advantage compared to anti-CD27 mAb.  
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4.3.1 The activity of scmCD70-m1 can be enhanced by oligomannose removal 
 

Although scmCD70-m1 could activate expansion of antigen specific T cells in WT mice, 

responses were lower than obtained after stimulation with anti-CD27 and CD8+ T cell 

responses were more short-lived (Fig. 4.2). In light of this, we investigated the half-life of 

the protein in vivo and found it to be very short; it could not be detected after 1 hr post-

injection in contrast to the mAb which could be detected at high concentrations up to 1 week 

post-injection (Fig. 4.3). Initial demonstration of FcRn binding of scmCD70-m1 and anti-

CD27 (Fig. 4.4), indicated that other factors were contributing to short in vivo stability. 

 

One of the factors influencing in vivo stability is glycosylation. scmCD70-m1 and anti-CD27 

have potential 20 and 4 N-glycosylation sites respectively. Analysis of the glycosylation of 

scmCD70-m1 and anti-CD27 revealed that scmCD70-m1 protein had high levels of 

oligomannose residues which could range from 76.76% to 31% depending on the culture 

conditions during production and anti-CD27 had 10% oligomannose residues out of total 

glycans. Using Endo H activity to reduce the level of oligomannose residues, significantly 

improved the in vivo stability of scmCD70-m1 (Fig. 4.10). Although the frequency of 

oligomannose residues on Endo H treated protein was similar to anti-CD27, the half-life was 

still much shorter than anti-CD27, indicating that there are additional factors which 

contribute to rapid clearance from circulation (discussed in detail in Chapter 6).  

 

Improving the in vivo stability of scmCD70-m1 by Endo H treatment, also significantly 

improved its ability to induce expansion of antigen specific T cells in vivo. While untreated 

scmCD70-m1 protein could stimulate the expansion of T cells when high numbers (1 x 106) 

of antigen specific T cells were transferred (Fig. 4.2), its activity was minimal at more modest 

(1 x 104) physiological levels (Fig. 4.11). The number of SIINFEKL-antigen specific T cells 

in an unimmunised mouse are less than 1000 (236, 237) and 1 x 104 adoptive transfer 

therefore reflects a more physiological frequency of T cells, considering that approximately 

10% of the transferred cells survive. While Endo H treatment improved the half-life of the 

scmCD70-m1 protein compared to untreated scmCD70-m1 this was not to the same level 

as the anti-CD27 mAb. Interestingly, despite the shorter half-life compared to mAb, Endo H 

treated protein showed a higher activity in stimulating antigen specific T cells compared to 

agonistic mAb (Fig. 4.11). This is an important finding as it suggests that in a tumour setting, 

where there are low numbers of tumour specific T cells, Endo H treated scmCD70-m1 might 

generate a greater response than agonistic anti-CD27 mAb. 
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Initial activation and commitment of CD8+ T cells to divide requires a short time of exposure 

to antigen and co-stimulatory signalling. In a study, where CD8+ T cells were stimulated with 

antigen expressing APCs in combination with co-stimulatory signalling in vitro, as short as 

2 hrs of stimulation was sufficient to drive further expansion of activated CD8+ T cells (238).  

In another study in which the antigen expressing APCs could be selectively depleted in vivo, 

antigen exposure of less than 7 hrs was sufficient to allow CD8+ T cells to become activated 

and committed for further expansion (239). The availability of the untreated scmCD70-m1 

in circulation for only around 1 hr may have not been sufficient to prime a high T-cell 

response. In contrast, Endo H treated scmCD70-m1 could generate a strong response and 

was available in circulation for up to 48 hrs (Fig. 4.10). Although the levels of Endo H treated 

scmCD70-m1 were not as high as a mAb, the concentration of Endo H treated protein 

available in the initial 6 hrs is sufficient to drive activation of OT-1 CD8+ T cells by providing 

a strong co-stimulatory interaction in the presence of antigen. The response generated by 

Endo H treated scmCD70-m1 was as good as anti-CD27 mAb when high OT-1 numbers 

were transferred yet stronger than anti-CD27 when low OT-1 numbers were transferred 

indicating that it can induce a better activity than anti-CD27.  

 

4.3.2 The activity of scmCD70-m1 can be enhanced by FcγR cross-linking  
 

Data presented in this thesis show that, while the anti-CD27 mAb and Endo H treated 

scmCD70-m1 both induced T-cell expansion in WT mice, only Endo H treated scmCD70-

m1 induced expansion of T cells in FcγR1,2,3,4 KO mice when 1 x 104 cells were adoptively 

transferred. This is likely due to increased CD27 cross-linking afforded by Endo H treated 

scmCD70-m1 compared with anti-CD27. However, the activity of Endo H treated scmCD70-

m1 in FcγR1,2,3,4 KO mice was lower than in WT mice (Fig. 4.14). Endo H treated 

scmCD70-m1 showed binding to FcγRIIB and FcγRIII in SPR analysis (Fig. 4.13) indicating 

that there could be additional cross-linking which further improves the activity of Endo H 

treated scmCD70-m1 in WT compared to FcγR1,2,3,4 KO mice.  

 

To test the hypothesis that the activity of Endo H treated scmCD70-m1 is improved by cross-

linking in WT mice, a version of scmCD70-m1, scmCD70-mm1, which lacks FcγR binding 

was designed and its lack of interaction with FcγRs was confirmed (Fig. 4.20). Then Endo 

H treated versions of scmCD70-m1 and scmCD70-mm1 were compared for their ability to 

stimulate OT-1 T-cell expansion in WT or FcγR1,2,3,4 KO mice. Results showed that in WT 
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mice, Endo H treated scmCD70-m1 showed a higher activity than Endo H treated 

scmCD70-mm1. However, in FcγR1,2,3,4 KO mice, Endo H treated scmCD70-mm1 

induced a slightly higher response than Endo H treated scmCD70-m1 (Fig. 4.23). Notably 

the Endo H treated scmCD70-mm1 had a slightly higher in vivo stability than Endo H treated 

scmCD70-m1 (Fig. 4.22.B). These data suggest that, in FcγR1,2,3,4 KO mice, in which the 

activity is only based on dimer-of-trimeric interaction of proteins and both proteins are 

expected to stimulate the same magnitude of response, the Endo H treated scmCD70-mm1 

showed slightly better activity as a consequence of having higher stability than Endo H 

treated scmCD70-m1. However, in WT mice, Endo H treated scmCD70-m1 stimulated a 

higher expansion of antigen specific T cells, indicating that Endo H treated scmCD70-m1 

receives additional cross-linking by FcγRs and this compensates for the slightly lower 

stability and contributes to a better activity compared with Endo H treated scmCD70-mm1. 

 

In contrast to the results with Endo H treated scmCD70-m1, untreated scmCD70-m1 

showed a similar activity in WT and FcγRIIB KO mice (Fig. 4.2.B). Of note, untreated 

scmCD70-m1 could not be detected in circulation after 1 hr post-injection suggesting that 

the activity of untreated scmCD70-m1 in both WT and FcγRIIB KO mice is based on the 

dimer-of-trimeric interactions and the rapid clearance may not allow enough time for 

additional cross-linking to occur to further enhance activity in WT mice. Untreated 

scmCD70-m1 shows the same FcγR binding profile as Endo H treated scmCD70-m1 and 

the difference between the two proteins is the improved in vivo stability of Endo H treated 

protein. Also, both versions show similar in vitro activity in stimulating T-cell proliferation. 

These observations further support the idea that Endo H treated protein may be cross-linked 

by FcγR interaction in WT mice whereas untreated protein does not undergo that interaction 

in vivo.  

 

4.3.3 scmCD70-m1 and its Fc “silent” variant can promote anti-tumour immunity 
 

The anti-tumour efficacy of targeting CD27 by agonism in the BCL1 model has been 

previously established in several pre-clinical studies (95, 157) and the results with the 

agonistic anti-CD27 used in here are consistent with previous studies. In contrast, untreated 

scmCD70-m1 failed to induce an anti-tumour response in the BCL1 model. Considering the 

relatively weak activity of scmCD70-m1 compared with anti-CD27 for OT-1 T-cell 

stimulation, the anti-tumour activity was not expected to be as high as that induced by anti-
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CD27. Endo H treatment of scmCD70-m1 improved its activity in stimulating antigen specific 

T-cell expansion and this also generated a significantly better anti-tumour activity compared 

to untreated scmCD70-m1 (Fig. 4.12). Indeed Endo H treated protein generated an anti-

tumour response very similar to the agonistic anti-CD27 mAb. Interestingly, Endo H treated 

scmCD70-mm1 also generated a strong anti-tumour response in the BCL1 model which 

was similar to mAb and Endo H treated scmCD70-m1 responses (Fig. 4.24). These data 

indicate that dimer-of-trimeric interactions, without additional cross-linking, can be sufficient 

to generate a strong anti-tumour response.  

 

In summary, data presented in this chapter show that scmCD70-m1 and the Fc “silent” 

variant, scmCD70-mm1, can act as in vivo co-stimulatory agents to induce expansion of 

antigen specific T cells independent of FcγR engagement. The in vivo stability of the ligand 

forms can be enhanced by removing oligomannose residues and this in turn leads to 

significantly better in vivo activity. The ligands with improved in vivo stability induce anti-

tumour immunity and increase survival in murine BCL1 model.
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Chapter 5 Influence of CD27 dimerisation on signal 
activation 
 

5.1 Introduction 
 

The majority of the co-stimulatory members of the TNFRSF are expressed as monomers 

on the cell surface and CD27 is expressed as a disulphide linked homodimer (86). As 

previously described (section 1.10), TNFRSF proteins require clustering to be activated and 

being a dimer and thus partially oligomerised, might therefore provide an advantage to 

CD27 in activation. However, the impact of the disulphide bonds on CD27 activity has not 

been studied but we hypothesised that eliminating disulphide linked dimerisation might 

influence the structural stability and conformation of CD27 on the cell surface, ultimately 

influencing downstream signalling.  

 

The crystal structure of human CD27 revealed that there is a Cys residue residing at position 

185 before the transmembrane domain which is not involved in the CRD domains or the 

ligand binding domain. It resides in a flexible region of the ECD and as human CD27 is 

expressed as a dimer on the cell surface, it has been predicted that the free Cys residue at 

position 185 contributes to disulphide linked dimerisation of hCD27 (240). 

 

In this chapter, the aim was to characterise the importance of disulphide linked dimerisation 

of murine CD27 for cell surface expression and downstream signal activation. In order to 

investigate these, two mutant forms of CD27 with mutated Cys residues (residing before 

the transmembrane domain) to eliminate dimerisation were produced and compared with 

the WT CD27 protein.  
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5.2 Results 
 

In order to test the hypothesis that disulphide bond linked dimerisation of murine CD27 is 

important for expression and signal activation, the murine CD27 protein sequence was 

aligned with other species to examine how conserved the Cys residues are and identify the 

Cys residues contributing to disulphide bond formation. The murine, rat, gorilla and human 

CD27 sequences were aligned by using the Uniprot protein sequence database website 

(Fig. 5.1) and Clustal Omega program. The overall % similarity between the four sequences 

was 60.92%.  

 

The Cys at position 185 of human CD27 has been postulated to contribute to disulphide 

linked dimerisation of human CD27 (240). This residue (C185) corresponds to residue 176 

on the murine sequence (Fig. 5.1) which is also a Cys suggesting that this might contribute 

to disulphide linked dimerisation of mouse CD27. In addition, the Cys residue at position 

176 was conserved amongst all species. 

 

Another Cys residue (position 180 in the mouse, Fig. 5.1) was also present in the mouse 

sequence which was conserved in the rat but not in the other sequences. It could be that 

Cys at position 176 (conserved in all species) is responsible for disulphide linked 

dimerisation of murine CD27. However, as Cys at position 180 is also located before the 

transmembrane domain, we hypothesised that it could also be forming disulphide bonds, 

contributing to CD27 dimerisation. Thus, we generated two mutant forms of CD27; one 

incorporating a single Cys mutation at position 176 and another mutant with mutation of 

both Cys residues at positions 176 and 180.  

 

To examine the role of both Cys residues, a single mutant (SM) (C176A) and a double 

mutant (DM) (C176A and C180A) form of murine CD27 were produced by mutating Cys 

residues to Ala residues. DNA sequences for WT (from Unigene, (NM_001042564.1)), 

single mutant and double mutant CD27 were generated in Seqbuilder. The sequences were 

then ordered commercially to be provided in pcDNA3.1 (+) plasmid DNA (Fig. 5.2). 
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Figure 5.1. Amino acid sequence alignment of CD27 protein from mouse, rat, gorilla 
and human. The amino acid sequence of murine CD27 was aligned with the amino acid 
sequences of rat, gorilla and human CD27. Sequences were aligned using Uniprot protein 
database website and Clustal Omega program. The accession numbers of the protein 
sequences on Uniprot website were; P41272 for mouse, Q501W2 for rat, G3QPQ6 for 
gorilla and P26842 for human CD27. The highlighted regions indicate the transmembrane 
domains. ‘–‘ indicates missing sequence, ‘*’ indicates amino acids conserved in all aligned 
sequences, ‘:’ indicates conservation between groups of strongly similar properties and ‘.’ 
indicates conservation between groups of weakly similar properties. The mutated Cys 
residues at positions 176 and 180 in murine CD27 are indicated with arrows.   
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Figure 5.2. WT and mutant CD27 plasmid maps. The WT, SM and DM murine CD27 
sequences were ordered commercially in pcDNA3.1 (+) expression vector. The SM 
contained a C176A mutation whereas the DM contained both C176A and C180A mutations. 
Inserts were flanked with HindIII and EcoRI restriction sites to enable further cloning if 
required. 
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5.2.1 Expression and dimerisation of WT and mutant CD27 forms 
 

In order to investigate if the Cys residues are important for expression of the CD27 protein, 

293T cells were transiently transfected with WT, SM or DM CD27 and expression of the 

protein was examined 72 hrs post-transfection via flow cytometry. Two different anti-CD27 

mAbs were used to detect the protein to circumvent the potential loss of mAb epitope by 

the introduced mutations. Staining with in-house anti-CD27 mAb (AT124-1) revealed that 

both mutant forms of CD27 were expressed by 293T cells and this indicated that mutating 

the Cys residues to remove disulphide bonds did not influence the expression of protein 

(Fig. 5.3). Additional staining with a commercial anti-CD27 antibody (LG.3A10) similarly 

showed that both mutant forms were expressed (Fig. 5.4). These results show that 

eliminating dimerisation does not prevent surface expression of CD27 or significantly 

influence the availability of epitopes of these antibodies.  

 

To confirm that loss of Cys 176 only or loss of both 176 and 180 inhibited CD27 dimerisation, 

cell lysates were obtained from transiently transfected 293T cells and the CD27 protein was 

detected by Western Blot using anti-CD27 mAb (AT124-1). The antibody did not recognise 

its epitope when the proteins were in the reduced form but did show binding to CD27 under 

non-reduced conditions (Fig. 5.5). The molecular weight of monomeric CD27 without 

glycosylation is approximately 29 kDa. However, CD27 has both N-linked (2 on each 

monomer) and O-linked glycosylation sites, meaning that the molecular weight of the 

monomer is predicted to be larger than 29 kDa and the dimer is predicted to be larger than 

58 kDa. Although only the dimeric form of CD27 should have been observed after 

transfection with the WT protein, multiple bands were detected between 60 – 80 kDa (Fig. 

5.5). These could be dimers with different levels of glycosylation. In addition, bands between 

35 – 45 kDa were also observed. These could be degradation products or monomeric 

proteins with different levels of glycosylation that did not form dimers during rapid protein 

production in 293T cells. The higher molecular weight bands were also detected in cells 

transfected with the SM form of CD27 with an additional very faint band evident at a lower 

molecular weight (Fig. 5.5). This result indicated that the SM form could still form disulphide 

linked dimers of CD27 and mutating Cys at position 176 was not sufficient to eliminate 

dimerisation. In contrast, only low molecular weight products (35 – 45 kDa) were detected 

in cells transfected with the DM CD27 construct (Fig. 5.5) indicating that mutating both Cys 

residues eliminated the disulphide linked dimerisation of CD27 such that protein was 

expressed in the monomeric form.  
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Figure 5.3. Cell surface expression of WT and mutant CD27 forms on 293T cells 
stained with in-house anti-CD27 mAb. 293T cells were transiently transfected with the 
expression vectors of indicated proteins. 1 x 105 293T cells per well were plated into a 6-
well plate and allowed to grow for 72 hrs. The cells were then transfected with 5 μg plasmid 
DNA of the indicated constructs. The expression of CD27 was determined at 72 hrs post-
transfection using flow cytometry. The cells were stained with the isotype (Mc106A5, 
rIgG2a) or anti-CD27 mAb (AT124-1 rIgG2a, in-house) as the primary antibody for 30 mins 
at 4 °C. Then the cells were stained with anti-rat secondary APC (Jackson Immunoresearch 
712-136-153) for 30 mins at 4 °C for detection of CD27 expression.  
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Figure 5.4. Cell surface expression of WT and mutant CD27 forms on 293T cells 
stained with commercial anti-CD27 mAb. 293T cells were transiently transfected with the 
expression vectors of indicated proteins. 1 x 105 293T cells per well were plated into a 6-
well plate and allowed to grow for 72 hrs. The cells were then transfected with 5 μg plasmid 
DNA of the indicated constructs. The expression of CD27 was determined at 72 hrs post-
transfection via flow cytometry. The cells were stained with the isotype (hamster IgG) or 
directly labelled commercial anti-CD27 mAb (LG.3A10-PE) for 30 mins at 4 °C before 
detecting CD27 expression. 
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Figure 5.5. Western blot analysis of WT, SM and DM CD27. 293T cells were transiently 
transfected as above (Fig 5.3) and cell lysates were obtained at 72 hrs post-transfection. 
Lysate from 1 x 106 cells was run per lane under reduced and non-reduced conditions. 
Reduced samples had a final reducing agent (DTT) concentration of 62.5 mM. Samples 
were boiled for 5 mins at 95 °C and loaded onto a 10% Bis-Tris gel. Gel was run at 120 V 
for 1.5 hrs in MOPS running buffer. Then transferred onto Immobilon-P membrane by 
running at 100 V for 1 hr in Nu-PAGE transfer buffer. The membrane was blocked for 1 hr 
in 5% milk solution prepared in western blot wash buffer. Then the membrane was 
incubated with anti-CD27 mAb (AT124-1, rIgG2a) for ~17 hrs at 4 °C. Finally the membrane 
was incubated with anti-rat secondary HRP for 1 hr at RT before detecting the signal by 
using an ECL substrate. The bands corresponding to monomeric and dimeric CD27 are 
indicated on the figure.    
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5.2.2 Generation of stable clones to characterise signalling activity of WT and DM 
CD27 
 

After confirming that both SM and DM forms of CD27 could be expressed at the cell surface 

and that the SM form, but not the DM form, still formed disulphide linked dimers, further 

experiments were carried out using the DM form only. In order to investigate the influence 

of dimerisation on signalling, WT and DM CD27 were stably transfected into Jurkat cell lines 

with NF-κB-GFP reporter activity to generate cell lines with similar levels of CD27 

expression. These Jurkat cells produce GFP as a downstream effect of NF-κB activation 

and the level of GFP positive cells was used as a readout of CD27 signalling. Jurkat cells 

were transfected with the pcDNA3.1 (+) plasmids and plated into 96 well plates at 1 x 104 

cells per well to grow individual clones. The single clones were selected with geneticin 

(neomycin) antibiotic resistance and were screened for cell surface CD27 expression by 

flow cytometry. From the initial screening, six WT and six DM clones with different levels of 

CD27 expression were chosen for further growth (Fig. 5.6). Although clones with different 

expression levels were grown and frozen, initial experiments were carried out using the 

clones with a high level of CD27 expression; WT clone A and DM clone D which showed 

similar levels of expression (Fig. 5.6). In order to have a negative cell line, Jurkat-NF-κB-

GFP cells stably transfected with empty vector pcDNA3.1 (+) were also produced with 

geneticin resistance and lack of CD27 expression was confirmed (Fig. 5.7.A). As, WT clone 

A and DM clone D were going to be used for further assays, cells were grown to confirm 

that CD27 was retained on the cell surface and remained expressed at similar levels; the 

level of CD27 expression was found to be similar as confirmed by overlaying the WT and 

DM plots (Fig. 5.7.B).  
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Figure 5.6. WT and DM CD27 expression on stable Jurkat-NF-κB-GFP clones. Jurkat-
NF-κB-GFP cells were stably transfected with either WT or DM CD27 and cells were plated 
onto 96-well plates (flat bottom) as 1 x 104 cells per well. Cells were allowed to grow for 2-
3 weeks and the single clone populations were detected under the microscope. A small 
number of cells was harvested from each clone and stained with anti-CD27 mAb (AT124-1 
or LG.3A10-PE) for 30 mins at 4 °C before determining CD27 expression via flow cytometry. 
After AT124-1 incubation, cells were further incubated with anti-mouse secondary antibody 
for 30 mins at 4 °C before analysing on a flow cytometer. 
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Figure 5.7. Level of CD27 expression on WT clone A or DM clone D Jurkat-NF-κB-GFP 
cells. EV, WT or DM cells (2 x 105) were stained with isotype (clone 3G8 mIgG1) or anti-
CD27 (AT124-1 mIgG1) for 30 mins at 4 °C. The cells were then washed to remove excess 
primary mAb and further stained with anti-mouse secondary antibody for 30 mins at 4 °C. 
The level of CD27 expression was detected via flow cytometry. 

 

For initial characterisation of NF-κB activation by CD27, Jurkat-NF-κB-GFP transfectants 

were stimulated with proteins with different valency to investigate the activity of bivalent, 

trimeric, hexameric and oligomeric clustering on CD27 activation. For this, bivalent anti-

CD27 mAb, trimeric ligand, dimer-of-trimer (hexamer) scmCD70-m1 and unfractionated 

scmCD70-m1 (oligomers) were used to stimulate the CD27 transfected Jurkat-NF-κB-GFP 

cells (Fig. 5.8). Preliminary experiments in which only WT CD27 transfected Jurkat cells 

were used showed that 6 hrs of stimulation produced the optimal activation (data not shown) 

and this time point was used for subsequent experiments.  Thus, EV, WT and DM 

transfected Jurkat-NF-κB-GFP cells were stimulated with 10 μg/ml of proteins for 6 hrs at 

37 °C. Although the level of cell surface expression of CD27 was similar on both CD27 

transfected populations, overall the DM CD27 transfected cells showed a higher level of 

activation compared to WT CD27 transfected cells (Fig. 5.8). The highest level of activation 

for both WT and DM CD27 transfected cells was observed with the unfractionated 

(oligomeric) scmCD70-m1 (Fig. 5.8). Although the dimer-of-trimer could also induce 

activation, the percentage of GFP+ cells was lower than after incubation with unfractionated 
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protein. The bivalent antibody and trimer did not activate either WT or DM transfected 

Jurkat-NF-κB-GFP cells, suggesting that the level of clustering achieved was not sufficient 

(Fig. 5.8). Also, the lower level of activation induced by the dimer-of-trimer compared to the 

unfractionated scmCD70-m1 protein suggested that hexameric engagement of the receptor 

is sufficient to induce signalling but a higher level of clustering is required for maximal 

downstream signal initiation. 

 

DM CD27 transfected cells showed higher activation compared to WT CD27 transfected 

cells when stimulated with dimer-of-trimer and unfractionated scmCD70-m1. In order to 

confirm that binding of scmCD70-m1 was similar to both WT and DM CD27 and the 

difference in the level of activation was not due to improved scmCD70-m1 binding to DM 

CD27, binding curves for the dimer-of-trimer protein were generated. Starting with the 

highest 10 μg/ml dimer-of-trimer concentration and performing 1 in 2 dilutions revealed that 

the protein bound to WT and DM CD27 in a similar pattern (Fig. 5.9). 
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Figure 5.8. Stimulation of EV, WT CD27 or DM CD27 transfected Jurkat-NF-κB-GFP 
cells. Jurkat-NF-κB-GFP cells were plated into 96-well plates (U bottom) as 1 x 105 
cells/well. The cells were stimulated with the indicated proteins at 10 μg/ml concentration 
for 6 hrs at 37 °C and GFP production was measured using flow cytometry as the readout 
of activation. Mean +/- SD of duplicates are indicated. Statistical analyses were performed 
by using one way ANOVA with Tukey’s multiple comparisons test. ***=p<0.001, 
****=p<0.0001. Data representative of two independent experiments. 
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Figure 5.9. Dimer-of-trimer scmCD70-m1 binding to WT or DM CD27 expressed on 
Jurkat-NF-κB-GFP cells. Jurkat-NF-κB-GFP transfectants (2 x 105) were incubated with 
the indicated concentrations of dimer-of-trimer scmCD70-m1 for 1 hr at 4 °C. Then the cells 
were washed to remove excess ligand and incubated with APC-labelled anti-mouse 
secondary antibody for 30 mins at 4 °C. The level of bound dimer-of-trimer was detected 
using flow cytometry. Data indicate the median fluorescence of APC signal under the 
singlets gate (not shown). 

 

The finding that DM CD27 elicited greater signalling than the WT CD27 was unexpected. 

The WT and DM CD27 transfected Jurkat-NF-κB-GFP cells are monoclonal populations 

and the differences observed in their levels of activation could be a consequence of 

selecting clones with different levels of NF-κB-GFP reporter activity i.e. the DM CD27 

transfected clone might have more GFP reporter activity. In order to eliminate this 

possibility, polyclonal populations of WT and DM CD27 transfected cells were produced by 

sorting for positive cells using FACSAria. For this, cells were labelled with anti-mouse CD27 

mAb and sorted based on a gate set against EV transfected cells. Both WT and DM 

populations showed high purity after sorting and they possessed similar levels of CD27 

expression (Fig. 5.10). Each polyclonal population contained cells with a similar range of 

CD27 expression and contained a heterogeneous population with respect to reporter 

activity. To test again the activation of WT and DM CD27 transfected cells, polyclonal 

populations were stimulated with 10 μg/ml of unfractionated scmCD70-m1 for 6 hrs at 37 

°C and the percentage of cells exhibiting NF-κB activation was evaluated as before by flow 

cytometry. After stimulation, an average of 32.6% of WT and 44% of DM cells were GFP 

positive (Fig. 5.11). Although both populations were activated, DM CD27 transfected cells 

showed a higher level of activation compared to WT CD27 transfected cells in line with the 

findings in Fig 5.8.  
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Figure 5.10. Sorting WT or DM CD27 transfected polyclonal Jurkat-NF-κB-GFP cells. 
Polyclonal Jurkat-NF-κB-GFP cells transfected with EV, WT CD27 or DM CD27 constructs 
were labelled with anti-CD27 mAb (LG.3A10) at a density of 1 x 106 cells being labelled with 
1 μg of antibody. The cells were incubated with the antibody for 30 mins at 4 °C. Then the 
cells were sorted based on the gate created with EV transfected cells. Approximately 70000 
cells were recovered from sorting for each population using FACSAria instrument.  
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Figure 5.11. Activation of sorted polyclonal Jurkat-NF-κB-GFP populations 
stimulated with unfractionated scmCD70-m1. EV, WT CD27 or DM CD27 transfected 
polyclonal Jurkat-NF-κB-GFP reporter cells were plated at 1 x 105 cells/well in a 96-well 
plate (U-bottom) and stimulated with 10 μg/ml of unfractionated scmCD70-m1 for 6 hrs at 
37 °C. The percentage of cells with GFP production was measured using flow cytometry as 
a readout of activation. Mean +/- SEM of triplicates are indicated from one experiment. 
Statistical analysis was performed by using one way ANOVA with Tukey’s multiple 
comparisons test. ****=p<0.0001. 

 

Both monoclonal and polyclonal DM CD27 transfected populations showed a higher level 

of NF-κB activation after CD27 stimulation compared to WT CD27 populations suggesting 

that disulphide bonds hinder signalling through CD27. However in order to formally 

demonstrate that the differences observed are not due to higher expression of the reporter 

construct in the DM cells; the EV, WT and DM transfectants were stimulated with TNFα for 

which all populations should show a similar response. TNFα is known to be an inducer of 

NF-κB activation (241) and was used in the assay to stimulate all (monoclonal and 

polyclonal) Jurkat NF-κB-GFP reporter populations. The cells were stimulated with different 

concentrations of TNFα and incubated at 37 °C for 6 hrs. Both monoclonal and polyclonal 

populations of WT and DM CD27 expressors, showed a similar level of activation compared 

to EV transfected cells with increasing activation in response to increasing TNFα 

concentration (Fig. 5.12). These results show that there was no inherent difference in the 

level of reporter activity between the populations and the difference in activation observed 

between WT and DM CD27 transfected populations is a reflection of CD27 activity. Thus, 

these data imply that the disulphide linkers between the CD27 monomers reduce the level 

of CD27 signal activation.  
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Figure 5.12. Activation of Jurkat-NF-κB-GFP populations upon TNFα stimulation. 
Indicated Jurkat-NF-κB-GFP reporter cell populations were plated into 96-well plates (U-
bottom) as 1 x 105 cells/well and stimulated with indicated concentrations of TNFα (0.01, 
0.1, 1 and 10 ng/ml) for 6 hrs at 37 °C. The percentage of GFP positive cells were then 
determined using flow cytometry as the outcome of activation. Mean +/- SD of duplicates 
are indicated. Data for 10 ng/ml TNFα concentration are representative of two independent 
experiments. 

 

One of the initial experiments indicated that CD27 activation requires hexameric clustering 

and this can be enhanced with increasing level of clustering (Fig. 5.8). The bivalent anti-

CD27 mAb failed to induce activation through WT or DM CD27 but we hypothesised that it 

might generate a strong stimulation in presence of cross-linking. Similarly, the activity of the 

dimer-of-trimer scmCD70-m1 might be enhanced with additional cross-linking; both the 

antibody and scmCD70-m1 proteins are known to interact with FcγRIIB (chapter 4).  In order 

to investigate if cross-linking the anti-CD27 mAb and dimer-of-trimer scmCD70-m1 can 

increase activation of CD27 transfected Jurkat-NF-κB-GFP cells to a level comparable to 

the unfractionated scmCD70-m1, and to investigate if the activity of the unfractionated 

scmCD70-m1 can be enhanced by additional cross-linking, CD27 transfected cells were co-

cultured with murine FcγRIIB-expressing CHO-K1 cells.  

 

Thus monoclonal and polyclonal WT and DM Jurkat-NF-κB-GFP cells were co-cultured with 

murine FcγRIIB-expressing CHO-K1 cells and incubated with the indicated proteins at 10 

μg/ml for 6 hrs at 37 °C. As previously observed (Fig. 5.8), the anti-CD27 antibody (AT124-

1 mIgG1) did not induce activation without the co-culture; however when cross-linked by 

FcγRIIB the mAb induced much greater activation of both WT and DM populations (Fig. 
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5.13). The increase in the %GFP+ cells after incubation with FcγRIIB-expressing cells and 

mAb were similar in both monoclonal and polyclonal populations of WT and DM cells (Fig. 

5.13).  

 

In line with the data shown in Fig. 5.8, the dimer-of-trimer scmCD70-m1 induced activation 

of all populations (WT and DM monoclonal and polyclonal) without additional cross-linking. 

However, the %GFP+ cells induced by the dimer-of-trimer was enhanced by additional 

FcγRIIB cross-linking when evaluating WT transfectants (both monoclonal and polyclonal) 

and the DM polyclonal population (Fig. 5.13). The activation of the DM clone D cells induced 

by the dimer-of-trimer did not increase with additional cross-linking but this was likely due 

to the high level of activation induced by uncross-linked scmCD70-m1 meaning that it was 

not possible to further promote activation. The unfractionated scmCD70-m1 protein alone 

induced strong activation of all WT and DM populations and this was independent of 

FcγRIIB cross-linking (Fig. 5.13). These findings suggested that, once maximal clustering 

and activation is induced, providing extra clustering does not induce further activation. Of 

note, hexameric clustering of DM clone D cells (with dimer-of-trimer scmCD70-m1) was 

sufficient to provide maximal activity whereas WT clone A cells required additional 

clustering to reach maximal activation. It is important to note that both populations had 

similar levels of CD27 expression; this finding reinforces the results from earlier (Fig 5.8) 

showing that the presence of disulphide bonds hinders CD27 signalling. 

 

The WT and DM polyclonal populations did not show higher activity when unfractionated 

scmCD70-m1 was further cross-linked with FcγRIIB but both populations showed higher 

activation when dimer-of-trimer scmCD70-m1 was cross-linked (Fig. 5.13). The data 

showing that unfractionated scmCD70-m1 could induce maximal clustering of DM 

polyclonal population but dimer-of-trimer scmCD70-m1 required cross-linking to achieve 

this, suggested that the dimer-of-trimer protein was sufficient to provide maximal clustering 

for monoclonal DM population but not for polyclonal DM population. This could be a 

reflection of the level of CD27 expressed on cell surface as polyclonal population had 

slightly lower level of CD27 expression compared to DM clone D cells. 

 

Overall, the DM cells (clone D and polyclonal) were stimulated more effectively when 

compared to WT cells, consistent with findings presented in Figs 5.8 and 5.11.  
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Figure 5.13. Stimulation of EV or CD27 transfected Jurkat-NF-κB-GFP cells with CD27 
agonists in absence or presence of FcγRIIB cross-linking. Jurkat-NF-κB-GFP reporter 
cells stably expressing WT or DM CD27 or control transfectants were plated into 96-well 
plates with or without the presence of murine FcγRIIB-expressing CHO-K1 cells as 1 x 105 
cells of each cell type per well. The cells were incubated with indicated proteins at 10 μg/ml 
for 6 hrs at 37 °C. The percentage of GFP positive cells was measured using flow cytometry 
as the outcome of activation. Mean +/- SD of duplicates are indicated from one experiment. 
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5.3 Discussion 
 

Data in this chapter addressed the importance of disulphide linked dimerisation of murine 

CD27 on expression and activation of the receptor. Data presented in the chapter show that 

DM CD27 can be expressed as a monomer on the cell surface and can initiate downstream 

signal transduction. Bivalent and trimeric interactions are not sufficient to activate either WT 

or DM CD27 whereas hexameric or higher order clustering can activate both WT and DM 

CD27. Further increasing the level of receptor clustering increases the activation through 

both WT and DM CD27. Finally the mutant form lacking the disulphide bonds required for 

dimerisation shows higher activation compared to WT CD27.  

 

Although a form of CD27 incorporating mutations at two disulphide bonding sites, DM CD27, 

could be expressed on the cell surface as detected by flow cytometry, the level of 

expression was slightly lower compared to WT CD27 following transient transfection of 

293T cells (Fig. 5.3 & 5.4). Initial western blot analysis confirmed that DM CD27 did not 

form disulphide-linked dimers whereas for WT CD27, multiple bands approximately 

corresponding to dimeric CD27 and bands similar in size to the monomeric CD27 were 

observed (Fig. 5.5). During transient transfection, a very high level of protein is expressed 

and this could lead to proteins being presented with a range of different glycosylation states 

possibly forming dimers of different sizes. Similarly, the bands corresponding to monomeric 

protein might be monomers which did not get to the stage of dimerisation due to the nature 

of high level protein production. An alternative explanation is that these smaller bands could 

be degradation products of the dimeric CD27. For DM CD27, no dimers were observed and 

the broad band observed for the monomeric protein could be due to differential and 

incomplete glycosylation of the protein. The main observation of the form with single 

mutation, SM CD27, was that, it existed mainly as a dimer and no further characterization 

was carried out. Although it was not characterised for its signalling activity, we would expect 

that the SM protein would be comparable to WT CD27 in its ability to transduce downstream 

signalling.  

   

In order to assess differences in the signalling activity of WT and DM CD27, stable clones 

of WT CD27 or DM CD27 transfected Jurkat cells with NF-kB reporter activity were 

produced with equivalent levels of WT and DM CD27 expression. It is important to note that, 

eliminating the dimerisation did not influence the binding of ligand (scmCD70-m1) to CD27 
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(Fig. 5.9) and this enabled comparison of signal transduction activity purely based on 

activation of the WT and DM form of CD27.  

 

In line with data presented in chapter 3 (Fig. 3.26) and chapter 4 (Fig. 4.2) and previous 

studies (215), trimeric CD70 and bivalent mAb were not able to induce activation of CD27 

indicating that the receptor requires higher order clustering to be activated (Fig. 5.14). 

Identification of the crystal structure of hCD27 and detailed characterisation of the epitopes 

of two mAbs binding to hCD27, suggested that one of those mAbs could be bringing two 

CD27 dimers together and this was also not enough to induce activation of CD27 (240, 

242). Thus, tetramerization of CD27 is also insufficient to induce activation and at least 

hexamerisation is required. Although, hexameric ligand (dimer-of-trimer scmCD70-m1) 

could induce activation of CD27 (Fig. 5.8 & 5.13), maximal activation was observed with 

unfractionated scmCD70-m1 indicating that increasing the level of CD27 clustering 

increases the level of downstream signal initiation (Fig. 5.14). 

 

Unexpectedly, DM CD27 was found to lead to higher activation of Jurkat-NF-kB-GFP cells 

compared to WT CD27. This was an interesting observation which suggested that the 

disulphide linked dimerisation of CD27 might act as a regulatory mechanism to ensure that 

the receptor becomes activated only when there is sufficient clustering. It has recently been 

shown that DR5, a member of TNFRSF, stays inactive on cell surface by the extracellular 

domain preventing the clustering of intracellular domains. Oligomerisation in the 

transmembrane region of DR5 is sufficient to drive initiation of downstream signalling, 

however in absence of ligand binding, the extracellular domain prevents oligomerisation of 

the transmembrane domain (243). Once the extracellular domain interacts with the ligand, 

this removes the inhibition and transmembrane domain can acquire a higher order structure 

leading to signal initiation (243). This phenomenon can support our hypothesis that the 

disulphide bonds in CD27 can keep the receptor in a conformation to increase the threshold 

for activation whereas without disulphides, the threshold can be reduced and the receptor 

can show higher activity.  
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Figure 5.14. Schematic of CD27 clustering induced by bivalent, trimer, hexamer or 
higher-order interaction. Schematic of interaction between WT CD27 and bivalent mAb 
or different ligand forms are indicated. Anti-CD27 mAb and trimeric CD70 might be 
interacting with one or two CD27 dimers and in both cases, signal transduction is not 
initiated (indicated by a cross). Dimer-of-trimer is predicted to be interacting with three CD27 
dimers with its hexameric ligand domain which is sufficient to induce signal transduction 
(indicated by arrows). Higher order clustering of CD27, either by cross-linking of dimer-of-
trimer or unfractionated scmCD70-m1, can drive stronger signal transduction.  

 

Overall, the data presented in this chapter confirm that signal transduction downstream of 

CD27 requires high order clustering. The cell surface expression of disulphide linked WT 

CD27 might act as a regulatory mechanism to control downstream signal initiation to ensure 

that CD27 is activated when a certain level of clustering is achieved. However, lacking the 

disulphide bonds (DM CD27) can contribute to higher level of activation and signal 

transduction.
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Chapter 6 Overall Discussion  
 

This thesis describes the expression and characterisation (in vitro and in vivo) of a 

recombinant single chain dimer-of-trimer ligand of CD27 which is capable of driving 

expansion of CD8+ T cells through CD27 mediated co-stimulation independent of FcγR 

engagement. The data presented shows the first direct comparison of agonistic anti-CD27 

mAb, dimer-of-trimer ligand with WT Fc (scmCD70-m1) and also dimer-of-trimer ligand with 

a “silent” Fc (scmCD70-mm1). Both of the ligand forms (scmCD70-m1 and scmCD70-mm1) 

could induce in vivo expansion of antigen specific T cells in OT-1 adoptive transfer model 

and anti-tumour response in murine BCL1 model. Additionally, the importance of CD27 

being expressed as a dimer on cell surface was characterised providing evidence that the 

disulphide linked dimerisation may act as a mechanism of controlling signal transduction 

through CD27.   

 

Soluble recombinant single chain trimeric TNFSF ligands have been previously produced 

for members of the family such as; TNFα, TRAIL and RANKL (244-247). A single chain 

trimer TNF was designed by covalently linking three monomers which were separated by 

flexible linkers. The single chain trimer TNF (scTNF) showed improved stability, both in vitro 

and in vivo, compared to wild type non-covalent TNF trimer and could lead to increased 

biological activity (244). The TRAIL ligand functions as a homotrimer but soluble 

recombinant trimer versions of the protein are prone to dissociation into monomers and thus 

loss of biological activity. In order to improve stability, a single chain trimer version (TR3) 

was generated which showed improved stability and biological activity through in vitro and 

in vivo characterisation (245). TRAIL has two receptors; DR4 and DR5. Although DR4 can 

become activated by interacting with soluble trimeric ligand, DR5 requires higher order 

clustering. In order to further improve the stability and activity of the soluble recombinant 

trimeric TRAIL, a version of TR3 by addition of a target specific scFv region (targeting red 

blood cells) was generated. This protein further improved the biological activity compared 

to the single chain trimer without the scFv fusion. In a separate study, another single chain 

trimer TRAIL was compared to a single chain trimer fused to a target specific scFv (targeting 

ERBB2). The fusion protein was used to provide cross-linking of trimeric ligands by targeting 

them to an antigen on target cell surface to enable sufficient cross-linking of the receptor. 

The fusion protein showed improved stability and biological activity indicating that 

modifications to improve the therapeutic effect are possible and tolerated with no loss of 

biological activity (246).  
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These covalently linked single chain trimers showed improved in vivo half-life compared to 

the trimers formed from monomers by non-covalent interactions. However, the time period 

for clearance of single chain trimers was still short. The scTNF serum availability was 

reduced to 10% 110 mins post-injection (244). The scFv-TRAIL (targeting ERBB2) had α 

half-life of 35 mins and β half-life of 160 mins (246). These single chain trimers did not have 

Fc fusions and short half-lives are expected. The new generation scmCD70-m1 described 

in this thesis was produced as an Fc fusion protein and was expected to have a long in vivo 

half-life. However, scmCD70-m1 was found to be cleared very quickly from circulation. 

There might be several explanations for the short half-life of scmCD70-m1. 1) The protein 

consists of two CD70 trimers and this gives it the ability to signal immediately after 

administration into the body. The protein might quickly interact with CD27 expressing cells 

in circulation and this might induce internalization of the protein, leading to rapid clearance. 

2) The glycosylation status of the protein might affect stability (detailed below). 3) It has 

been shown for human IgG antibodies that oxidation of methionine (Met) residues in the 

CH2-CH3 region can have a significant impact on stability (248). This might be a factor for 

the mouse IgG CH2-CH3 domain used to generate scmCD70-m1, as there are four Met 

residues within this region. scmCD70-m1 possesses the same Fc isotype as AT124-1 

mIgG1 and AT124-1 mIgG1 was produced in CHO-K1S cells. This suggests that the 

oxidation of Met residues on scmCD70-m1 produced in CHO-K1S cells is likely to be the 

same as the antibody.  However, the rest of the protein is different and we cannot rule out 

the possibility of scmCD70-m1 having Met residues with different oxidation states. 4) FcRn 

interacts with the Fc region in the CH2-CH3 interface (249). The flexible linkers between 

the final CD70 domain and hinge region in scmCD70-m1 might allow the CD70 trimer 

domain to hinder the FcRn binding interface. While the ability of scmCD70-m1 to interact 

with FcRn was investigated via SPR and it showed the same binding pattern as anti-CD27 

mAb, this does not completely rule out the possibility of the structure causing steric 

hindrance in vivo.  

 

The glycosylation status of recombinant proteins can be an important factor in determining 

therapeutic efficacy and in vivo half-life (228). For instance, the presence of sialic acid on 

glycan structures can enhance the half-life of recombinant proteins (250). N-linked glycans 

can have an impact on the plasma stability of therapeutic proteins (229) and having high 

mannose residues can contribute to significantly reduced half-life (229). In a study in which 

pharmacokinetics of therapeutic IgGs in human subjects were studied, IgGs with high 

mannose glycans on their Fc regions were cleared more rapidly than IgGs with other glycan 

forms (251).  It has been shown that high mannose content on recombinant proteins leads 
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to rapid clearance by cells with high mannose receptors in organs such as the liver (252). 

When the first batch of scmCD70-m1, produced in 3 weeks culture, was analysed, 76.76% 

of glycans on the protein were of oligomannose type. However, when a batch was produced 

after 2 weeks culture, only 31.04% of glycans were of oligomannose type. It was also shown 

that, proteins produced in 3 weeks of culture had higher oligomerisation compared to 

proteins produced after 2 weeks of culture. The increased oligomerisation and 

oligomannose over time could be due to an increase in the level of dead cells (data not 

shown). This can create a stress response in other cells leading to production of aggregated 

and also high oligomannosylated proteins. Despite the difference in the level of 

oligomannose residues between the proteins produced in 2 weeks and 3 weeks cultures, 

both proteins were not detectable in circulation after 1 hr post-injection (Fig. 4.3 & 4.10). 

This suggested that even 31% of oligomannose residues was sufficient to contribute to rapid 

removal from circulation. 

 

Interestingly, when scmCD70-mm1 was produced in CHO-K1S cells in a 2 week culture, 

the level of oligomannose residues was lower than on scmCD70-m1. The only difference 

between the two proteins was the D265A mutation in the Fc domain of scmCD70-mm1. It 

has been previously shown that D265A mutation can influence the type of glycosylation on 

the Fc domain (253, 254). It could be that the Fc domain of scmCD70-m1 was 

oligomannosylated and the D265A mutation in scmCD70-mm1 changed the type of 

glycosylation, contributing to reduction in the level of oligomannose residues which leads to 

longer stability in in vivo circulation. 

 

The dimer-of-trimer proteins have the CD70 domains attached to the Fc domain by flexible 

linkers. When the trimeric CD70 domains form, they are bulky and can be mobile due to 

flexibility enabled by the linkers between the CD70 and Fc domains. During the processing 

of N-linked glycans, the initial glycan structure is added as a pre-assembled complex 

consisting of two N-acetyl glucosamines, nine mannose residues and three glucose 

residues (255, 256). The glycan is then trimmed and processed in the ER and Golgi by 

several glycosidases and glycosyltransferases (255, 256). One possible reason for the 

dimer-of-trimer proteins having high oligomannose residues might be that the enzymes 

responsible of removing the mannose residues cannot access the glycan sites due to the 

bulky structure of the protein. It is not known if the natural CD70 protein has oligomannose 

residues. In order to study the effect of CD70 trimeric domains in more detail, soluble 

recombinant single chain CD70 trimer or non-covalent CD70 trimer could have been 
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produced in CHO-K1S cells in the same culture conditions as dimer-of-trimer and the level 

of oligomannose residues compared.  

 

We have found that increasing the time of culture during scmCD70-m1 production by CHO-

K1S cells, leads to increased oligomannose levels with longer mannose chains. It might be 

expected that the protein with shorter mannose chains would have a better in vivo stability 

than the protein with longer mannose chains. However, in a study in which a protein was 

produced with different mannose chain lengths (ranging from 2 to 9 mannose residues), it 

was shown that binding and uptake by the mannose receptors on macrophages did not 

change (257), indicating that chain length does not impact on uptake by the mannose 

receptors as long as the mannose residues are the terminal residues exposed on the sugar 

chain of the protein. 

 

Glycosylation is important for the proper folding, stability and expression of proteins (256). 

As Endo H treatment improved the in vivo stability of scmCD70-m1, we attempted to mutate 

all of the Asn residues in the protein to Ala residues to completely eliminate N-glycosylation 

to study the effects on in vivo stability (data not shown). However, the protein could not be 

expressed by transfection of CHO-K1S cells. Single colonies transfected with the plasmid 

were generated but as the protein was not secreted, this suggested that the protein was 

being degraded during the production process. N-linked glycosylation is required for 

appropriate folding of proteins in the ER; chaperones such as calnexin and calreticulin 

require glycans to bind to the protein and facilitate proper folding and improve stability (256). 

The proteins which do not adapt their conformation after calnexin/calreticulin interaction, 

are directed from the ER back into the cytosol to be degraded by the ubiquitin-proteasome 

system (258).  When all of the Asn residues were mutated, it is possible that the interaction 

of the protein (without N-glycosylation) with calnexin/calreticulin was diminished and this 

resulted in the protein being directed for degradation during the folding process.  

 

As previously discussed in detail (chapter 1), targeting TNFRSF members with agonistic 

mAbs requires FcγR cross-linking for optimal activity and this can be a limiting factor. Thus, 

as shown here and by others, it is possible to generate alternative mechanisms to develop 

FcγR independent approaches to target TNFRSF members. A recombinant hexameric 

human CD70 protein to target CD27 has recently been reported which consists of three 

extracellular domains of hCD70 fused to a hIgG1 Fc domain (259). The product is made up 



Chapter 6 

171 
 

of a hexameric ligand domain and a full Fc domain with a mutation that eliminated FcγR 

interaction. The protein could induce activation and expansion of T cells in both in vitro and 

in vivo studies without requiring FcγR mediated cross-linking. Although, the hexameric 

ligand protein was compared to an anti-CD27 mAb in absence of FcγR, showing that mAb 

required FcγRs whereas the ligand was active without requiring cross-linking, there was no 

direct in vivo comparison with an agonistic mAb. Additionally the hexameric protein was 

only tested as an Fc silent variant and the activity observed with a WT Fc could have been 

different. Here, WT Fc clearly has an advantage of FcγR mediated cross-linking contributing 

to enhance in vivo activity in inducing the expansion of antigen specific T cells when only 

low number of antigen specific cells are available. Fc engineering approaches to facilitate 

on target multimerisation of IgGs have also been developed. Several mutations within the 

human Fc domain such as E345R and T437R/K248E double mutations have been identified 

to facilitate on target hexamerisation of mAbs. Incorporating these mutations into anti-OX40 

mAbs, induced downstream activation of the receptor and thus FcγR independent agonism 

(180, 260) compared to the parental mAb. In a recent study, anti-TNFR mAbs against 

several members of the family were designed by addition of various proteins as conjugates 

to the heavy chain of the mAb which lacked FcγR interaction (261). By interacting with their 

specific targets, the conjugated domains anchor the anti-TNFR mAb on the cell surface 

which mimics FcγR mediated cross-linking. By that mechanism, specific antigens at specific 

tissue sites such as the tumour microenvironment can be targeted to allow site specific 

accumulation and effect of the anti-TNFR mAbs.  

 

In this project, CHO-K1S cells were used for stable clone generation and 293F cells were 

used for transient transfections. Data showed that the time of culture or cell type might play 

an important role in the purity and yield of the end product. Transient transfection of 

mammalian cells gives a good protein yield in a short period of time whereas generation of 

stable clones requires a longer procedure with several independent screening and selection 

steps. When the products from 1 week 293F and CHO-K1S cultures were prepared, the 

products were similar in terms of purity. Although 293F cells could produce a good yield in 

a short time, some protein is always lost during the fractionation step after protein A 

purification. This means that, in order to obtain enough protein for in vivo experiments, 

repeated transfections would be required. The disadvantages of this approach would have 

been that the transfection efficiency and yield would not have been the same after every 

transfection and also a high amount of plasmid DNA would have been required for each 

transfection. Thus, although it was a longer procedure to obtain clones of CHO-K1S cells, 
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this approach is more advantageous for long-term large-scale protein production as a 

similar yield is obtained at every repeated procedure and despite losing protein during 

fractionation, a high yield can still be obtained.  

 

The anti-CD27 mAb (without being cross-linked) and soluble recombinant trimeric CD70 

were not able to induce activation of CD27 mediated signalling. CD27 is expressed as a 

dimer on the cell surface. It has not been established if the mAb binds in the inner region of 

the CD27 or if it can pull two dimers together. The trimer binds at the CRD2 domain (240, 

242) and similarly it is not known if it only binds to a dimer or if it can bring two dimers 

together. In both cases, the clustering of CD27 is not enough to induce activation. The 

dimer-of-trimer can induce sufficient clustering of CD27 to induce signalling which supports 

previous studies showing that for TNFRSF, six or more receptors need to be clustered for 

signal activation (214, 262). However, the unfractionated scmCD70-m1, with oligomers, 

induced the highest level of CD27 mediated activation in in vitro assays. This indicated that 

the higher the level of clustering, the higher the level of activation. However, it is also not 

known if CD27 internalizes the soluble ligand when they interact. One of the reasons for not 

having activity with mAb and trimer could be that they interact with only one or two dimers 

of CD27 which is insufficient to drive signal transduction. Another reason of not having 

activation with mAb and trimer but having such a high level of activation with the 

unfractionated scmCD70-m1 might be that CD27 can internalize the mAb and trimeric CD70 

and to some extent the dimer-of-trimer scmCD70-m1 but not the higher order protein. As 

the dimer-of-trimer can induce activation of CD27, even if it becomes internalized, clearly 

not all the protein is internalized or the receptor is activated prior to internalization. However, 

as unfractionated scmCD70-m1 consists mainly of high order structures, internalization 

might be more difficult or not possible, meaning that CD27 remains clustered at the cell 

surface and this contributes to enhanced activation. In order to investigate this, mAb, 

trimeric CD70, dimer-of-trimer scmCD70-m1 and unfractionated scmCD70-m1 would need 

to be labelled with a fluorescent tag (using commercial kits) and after incubating them with 

CD27 expressing cells, the level of internalization could be measured via a fluorescence 

microscope.  

 

In the BCL1 model, Endo H treated scmCD70-m1, Endo H treated scmCD70-mm1 and 

agonistic anti-CD27 mAb generated similar responses, all improving the survival compared 

to control group. It is important to note that the effects of these agents might be different in 

solid tumour models. The BCL1 tumour mainly develops in the spleen which is a lymphoid 
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tissue and there is likely to be sufficient cross-linking of the mAb at this site due to FcγRs 

expressed by B cells and myeloid cells. However, this might be a limiting factor in a solid 

tumour model and in fact data generated in other studies suggest that the activity of 

agonistic anti-CD27 mAb is much less in a solid tumour model compared to BCL1 model. 

In solid tumour models, depleting mAbs have higher efficacy than agonistic mAb and the 

activity of agonistic anti-CD27 is minimal (157). The advantage of Endo H treated 

scmCD70-m1 is that it does not require FcγR cross-linking to generate an anti-tumour 

response. Although, FcγR cross-linking can improve the activity, there wasn’t a significant 

difference between Endo H treated scmCD70-m1 and Endo H treated scmCD70-mm1 in 

BCL1 anti-tumour activity. The reason for that could possibly be related to the BCL1 tumour 

model used which uses a large inoculum of tumour cells to establish. 5 x 106 BCL1 tumour 

cells were transferred and allowed to establish for five days before initiation of the treatment. 

This might have generated a high number of antigen specific T cells already and it might 

have been difficult to see a difference between Endo H treated scmCD70-m1 and Endo H 

treated scmCD70-mm1. It is important to note that Endo H treated scmCD70-m1 induced a 

similar T-cell response as anti-CD27 when 5 x 105 OT-1 T cells were transferred but the 

activity of Endo H treated scmCD70-m1 was better than anti-CD27 when lower numbers 

were transferred (Fig. 4.11). Also, when low numbers of OT-1 cells were transferred into 

WT animals, Endo H treated scmCD70-m1 generated a higher response than Endo H 

treated scmCD70-mm1. These data indicate that, although the dimer-of-trimer was 

sufficient to stimulate antigen specific T cells and generate an anti-tumour response, having 

additional cross-linking can further enhance the activity of scmCD70-m1 which might be 

advantageous in a solid tumour model. In fact, the hexameric human CD70 protein induced 

anti-tumour efficacy in murine solid tumour models indicating that hexameric targeting of 

CD27 without additional cross-linking can be efficacious (259). However, as previously 

mentioned, there was no comparison with an anti-CD27 mAb in that study and it is hard to 

draw a conclusion on how the activity of the hexameric CD70 ligand would compare to 

agonistic anti-CD27.  

 

Together the data presented in this thesis highlight scmCD70-m1 as a potential FcγR 

independent reagent to increase in vivo expansion of antigen specific T-cells and induce 

anti-tumour response. Overall the data indicates that a soluble recombinant TNFSF ligand 

can be generated to be as active as an agonistic mAb with the advantage of inducing FcγR 

independent activity. Additionally it has been demonstrated that, although in vivo FcγR 

independent activity could be achieved with the Fc “silent” version of the ligand, having WT 
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Fc with additional FcγR cross-linking proved to be advantageous to enhance the activity of 

the ligand. Also, despite the fact that a mIgG1 mAb is considered as agonistic, depending 

on availability of the FcγR in the surrounding microenvironment, the mAb could demonstrate 

a depleting activity leading to significantly decreased levels of CD8+ T cells. However, this 

was not observed with the ligand, adding another important advantage for the use of the 

ligand over the mAb. Furthermore it has been shown that the disulphide linked dimerisation 

of CD27 under physiological conditions might act as a potential regulatory mechanism to 

only induce signal transduction when a certain level of receptor clustering is achieved.  
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Figure 1. Translated DNA sequence of scmCD70-m1. The translated DNA sequence 
with single letter amino acid code is illustrated. CD70, hinge and CH2-CH3 domains of 
mIgG1 Fc are labelled. HindIII, XbaI and EcoRI restriction sites are indicated. The sequence 
was designed as detailed in section 3.2. 
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Figure 2. Translated DNA sequence of mCD4-CD70 non-covalent trimer. The 
translated DNA sequence with single letter amino acid code is illustrated. CD4, linker and 
CD70 domains are labelled. HindIII and XbaI restriction sites are indicated. The sequence 
was designed as detailed in section 3.2.5. 
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Figure 3. DNA and translated amino acid sequence of WT murine CD27. The translated 
DNA sequence with single letter amino acid code is illustrated. Extracellular domain (ECD), 
transmembrane domain and cytoplasmic domain (CD) are labelled. HindIII, NotI, SalI and 
EcoRI restriction sites are indicated. The sequence was designed as detailed in section 5.2. 
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Figure 4. Cloning the scmCD70-m1 insert into pEE14 expression vector. The 
scmCD70-m1 insert was designed and ordered in pcDNA3.1 (+) vector. In order to clone 
into pEE14, the vectors were digested with HindIII and EcoRI restriction enzymes. The 
digested scmCD70-m1 insert was then ligated into pEE14 expression vector as described 
in detail in section 3.2. The scmCD70-m1 insert is represented as blue (CD70 domain) and 
orange (Fc domain) rectangles. 
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Figure 5. Cloning scmCD70-m1 Ver II into pcDNA3.1 (+) expression vector. The Ver II 
insert with the mutated hinge region in the Fc domain was ordered in PMA-T vector. The 
insert was first cloned into pEE14 expression vector. The PMA-T and pEE14 vectors were 
digested with XbaI and EcoRI restriction enzymes and the insert was ligated into pEE14 
expression vector to form the full length scmCD70-m1 Ver II insert. The scmCD70-m1 Ver 
II insert was then cloned into pcDNA3.1 (+) expression vector. For this, the pcDNA3.1 (+) 
and pEE14 expression vectors were digested with HindIII and EcoRI restriction enzymes to 
release the inserts and the scmCD70-m1 Ver II insert was ligated into pcDNA3.1 (+) 
expression vector as described in detail in section 3.2.4. scmCD70-m1 insert is represented 
as blue (CD70 domain) and orange (Fc domain) rectangles. The Ver II insert (mutated Fc 
domain) is represented as green rectangle. 
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Figure 6. Cloning scmCD70-mm1 insert into pEE14 expression vector. The insert with 
the mutated Fc domain (D265A) to eliminate FcγR interaction was ordered in PMA-T vector. 
The insert was cloned into pEE14 vector by digesting both of the vectors with XbaI and 
EcoRI restriction enzymes. The insert was then ligated into pEE14 vector to form the full 
length scmCD70-mm1 insert as described in detail in section 4.2.3. scmCD70-m1 insert is 
represented as blue (CD70 domain) and orange (Fc domain) rectangles. The insert 
containing the Fc domain with the D265A mutation is represented as gold rectangle. 

 

 

 

 

 

 



Appendix 

202 
 

 

 

 

 

 

 

  

 



Appendix 

203 
 

 


	Chapter 1  Introduction
	1.1 The Immune System
	1.2 Innate Immune system
	1.3 Adaptive Immune System
	1.4 T cell development and maturation
	1.4.1 CD4+ T cells
	1.4.2 CD8+ T cells
	1.4.3 Overview of T-cell activation and differentiation
	1.4.3.1 Peptide-MHC complex – TCR interaction: Signal 1
	1.4.3.2 Co-stimulatory interaction between APC and T cell: Signal 2
	1.4.3.3 Cytokine Stimulation: Signal 3


	1.5 Effector mechanisms of activated CD8+ T cells
	1.5.1 Memory CD8+ T cells

	1.6 TNFRSF members
	1.6.1 CD27
	1.6.1.1 CD27-CD70 deficiency


	1.7 Overview of Cancer
	1.8 Cancer Immune Surveillance
	1.9 Cancer immunotherapies
	1.9.1 Cell based cancer immunotherapy
	1.9.2 Vaccine based cancer immunotherapy
	1.9.3 Antibody based cancer immunotherapy
	1.9.3.1 Direct targeting mAbs
	1.9.3.2 Immunomodulatory mAbs


	1.10 Targeting TNFRSF for immunotherapy
	1.10.1 FcRs
	1.10.2 Therapeutic targeting of CD40
	1.10.3 Therapeutic targeting of 4-1BB
	1.10.4 Therapeutic targeting of OX40
	1.10.5 Therapeutic targeting of GITR
	1.10.6 Therapeutic targeting of CD27

	1.11 Mechanism of action of TNFRSF targeting mAbs and TNFSF ligands
	1.12 Background to the project
	1.13 Hypothesis
	1.14 Project aims
	1.14.1 Chapter Summaries


	Chapter 2 Materials and Methods
	2.1 Cloning
	2.1.1 Cloning scmCD70-m1 into pEE14 expression vector
	2.1.2 Cloning Ver II insert into pcDNA3.1 (+) expression vector
	2.1.3 Cloning the Fc domain with D265A mutation into scmCD70-m1 Ver I
	2.1.4 Agarose gel

	2.2 Large scale plasmid DNA production
	2.3 Cell Culture
	2.4 Transfection of mammalian cells
	2.4.1 Transient transfection of 293F cells for protein expression
	2.4.2 Stable transfection of CHO-K1S cells
	2.4.3 Transient transfection of 293T cells
	2.4.4 Stable transfection of Jurkat-NF-κB-GFP cells

	2.5 Enzyme linked immunosorbent assay (ELISA)
	2.5.1 Detection of scmCD70-m1 or scmCD70-mm1 in stable CHO-K1S clone supernatants.
	2.5.2 Detection of scmCD70-m1, scmCD70-mm1 or anti-CD27 in mouse serum

	2.6 Protein purification
	2.6.1 Protein A purification of scmCD70-m1 or scmCD70-mm1
	2.6.2 Size Exclusion Chromatography (SEC) for fractionation of scmCD70-m1 or scmCD70-mm1
	2.6.3 YTA 3.1.2 column for purification of mCD4-CD70 trimer

	2.7 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
	2.8 Western Blot
	2.9 Surface Plasmon Resonance (SPR)
	2.9.1 Determining binding of scmCD70-m1 to CD27
	2.9.2 Determining binding of proteins to FcR
	2.9.3 Determining binding of proteins to FcRn

	2.10 Glycosylation analysis by ultra-high-performance liquid chromatography (UPLC)
	2.10.1 Endo H treatment
	2.10.1.1 Non-denaturing
	2.10.1.2 Denaturing

	2.10.2 PNGase F treatment
	2.10.2.1 Non-Denaturing
	2.10.2.2 Denaturing


	2.11 Stable Jurkat clone screening
	2.12 Sorting of Jurkat-NF-κB-GFP cells stably transfected with CD27
	2.13 Stimulation and activation of CD27 transfected Jurkat-NF-κB-GFP cells
	2.14 Titration of scmCD70-m1 binding to WT or DM CD27
	2.15 T-cell activation assay - 3H-thymidine incorporation
	2.16 Mice
	2.17 In vivo experiments
	2.17.1 OT-1 T-cell expansion
	2.17.2 BCL1 tumour model

	2.18 Endotoxin testing
	2.19 Statistical analysis

	Chapter 3 Generation of scmCD70-m1
	3.1 Introduction
	3.2 Results
	3.2.1 Cloning of scmCD70-m1
	3.2.2 Stable Clone Generation, Expression and Purification of scmCD70-m1
	3.2.3 Fractionation and functional analysis of scmCD70-m1
	3.2.4 scmCD70-m1 Fc Engineering
	3.2.5 Production of trimeric CD70 and comparison to dimer-of-trimer scmCD70-m1

	3.3 Discussion

	Chapter 4 Characterising and optimising the in vivo activity of scmCD70-m1
	4.1 Introduction
	4.2 Results
	4.2.1 Characterisation and optimisation of in vivo stability
	4.2.2 Investigating the in vivo activity of Endo H treated scmCD70-m1
	4.2.3 Generation and characterisation of scmCD70 with “silent” Fc
	4.2.4 In vivo comparison of Endo H treated scmCD70-m1 and scmCD70-mm1

	4.3 Discussion
	4.3.1 The activity of scmCD70-m1 can be enhanced by oligomannose removal
	4.3.2 The activity of scmCD70-m1 can be enhanced by FcR cross-linking
	4.3.3 scmCD70-m1 and its Fc “silent” variant can promote anti-tumour immunity


	Chapter 5 Influence of CD27 dimerisation on signal activation
	5.1 Introduction
	5.2 Results
	5.2.1 Expression and dimerisation of WT and mutant CD27 forms
	5.2.2 Generation of stable clones to characterise signalling activity of WT and DM CD27

	5.3 Discussion

	Chapter 6 Overall Discussion

