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Abstract 

Chimeric antigen receptor (CAR) T cell therapy has revolutionized the treatment of B cell 

malignancies by redirecting patient T cells to destroy cancer cells using engineered 

receptors. While CAR T cell therapies hold enormous potential as treatments in a wide 

range of tumour settings, treatments for non-B cell cancers have largely failed to 

significantly improve patient outcomes thus far. Furthermore, CAR therapies carry 

significant risk of inducing cytokine release syndrome (CRS), a potentially deadly toxicity 

caused by excessive release of inflammatory cytokines. The ability to minimize toxicity 

whilst maintaining adequate tumour cell-killing is therefore vital to the continued 

improvement of CAR therapies. We aimed to investigate the currently ill-defined 

relationship between CAR oligomeric state and potency using a novel protein engineering 

approach, with the aim of leveraging this knowledge to predictably modulate CAR activity. 

 

With de-novo protein design collaborators we identified synthetic transmembrane domain 

(TM) sequences that predictably formed defined homo-oligomeric structures. In addition to 

a previously validated trimeric TM sequence, I used X-ray protein crystallography to 

determine the structure of a dimeric TM peptide that agreed closely with its predicted 

structure. I inserted these novel oligomeric TM sequences into a well-established anti-HER2 

CAR construct (comprising an anti-HER2 scFv attached via stalk/TM to costimulatory and 

stimulatory tail sequences) and validated their oligomeric state and signalling capacity in a 

mouse T cell line. When expressed in primary mouse T cells and incubated with HER2+ 

target cells, dimeric and trimeric CARs exhibited enhanced target cell killing compared to a 

reference anti-HER2 CAR. Using an in vivo mouse tumour model it was subsequently 

demonstrated that CAR oligomeric state correlates positively with CAR T cell anti-tumour 

efficacy. CARs encoding synthetic oligomeric TM’s also demonstrated a dramatic reduction 

in the release of inflammatory, CRS-associated cytokines within in vitro experiments. Using 

rational TM sequence mutations I identified lateral interactions between CARs and the 

endogenous T cell costimulatory molecule CD28 in primary mouse T cells as the key 

determinant of CAR cytokine release. These findings present an opportunity to improve 

efficacy and safety of CAR T cell therapies and warrant further validation in other clinically 

relevant CAR T cell disease models.   
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Chapter 1 Chimeric Antigen Receptor (CAR)-T Cell Immunotherapy 

and the CAR Structure/Function Relationship 

The adaptive immune system provides highly specific and efficient protection from 

infectious agents. However, the development of cancer is inextricably linked to an inability 

of immune cells to recognise tumour cells and/or launch a sufficiently strong immune 

response. From the very earliest discoveries outlining the biological mechanisms underlying 

immune evasion in tumorigenesis it was evident that modulation of these processes would 

have enormous therapeutic potential. Many avenues of therapeutic intervention have been 

explored, with great success coming in the form of approaches that harness the potent anti-

tumour activity of T cells. One of the earliest therapeutic approaches to achieve success was 

known as checkpoint inhibition, where antibodies are used to block T cell inhibitory 

molecules such as PD-L1 and CTLA-4, expressed on the surface of tumours or T cells, 

respectively, that are upregulated to prevent immune clearance (Ishida et al., 1992, Dong et 

al., 1999, Brahmer et al., 2012, Hodi et al., 2010). In addition to checkpoint inhibition, 

autologous T cell therapies have also emerged as a powerful immunotherapeutic tool in 

certain disease settings. These therapies involved extracting T cells from tumour biopsies, 

activating and expanding them ex vivo before readministering them to the patient with high 

doses of the mitogenic cytokine IL-2 (Rosenberg et al., 1988, Rosenberg et al., 1994). This 

approach achieved remarkable success in the treatment of metastatic melanoma, which has 

a high burden of tumour antigens, however the application of this approach to other 

tumour settings has proved largely unsuccessful.  

 

Chimeric antigen receptor (CAR) T cell therapy was developed to extend and improve upon 

these early autologous T cell therapies, as a means of redirecting and enhancing a patient’s 

immune response to a specific, chosen cancer antigen. Fundamentally, this therapy involves 

the ectopic expression of a cancer-antigen-specific CAR gene in patient T cells. These T cells 

undergo expansion and hyper-activation ex vivo and when re-introduced to the patient they 

can drive potent anti-tumour cytotoxicity (Fig 1.1A). First-generation CAR designs built upon 

the observation that exchanging the variable domains of TCRab with those of a monoclonal 

antibody could successfully redirect T cell activation towards a desired antigen (Gross et al., 

1989). Subsequently it was demonstrated that the CD3z tail sequence in the absence of 
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CD3e, d and g was capable of eliciting powerful T cell activation (Irving and Weiss, 1991). The 

distillation of these dual observations resulted in the design of what are now referred to as 

first-generation CARs, which consisted of a high-affinity cancer-specific antibody single-

chain variable fragment (scFV) fused in frame with the N-terminus of the CD3ζ immune 

signalling chain (Fig1.1B) (Eshhar et al., 1993). Engagement of a CAR scFv with its cognate 

ligand resulted in the phosphorylation of immunoreceptor tyrosine-based activation motifs 

(ITAMs) within the CD3z tail of the CAR, thus initiating downstream T cell signalling and T 

cell effector functions (Eshhar et al., 1993, Stancovski et al., 1993). These first-generation 

designs showed significant activity in vitro, however two key improvements were 

instrumental in translating this concept into a clinical success. Firstly, the inclusion of a 

flexible stalk region connecting the transmembrane (TM) domain to the scFv significantly 

improved antigen sensitivity (Finney et al., 1998, Moritz and Groner, 1995), presumably due 

to better reach and ability to bind different epitopes. Secondly, the inclusion of an auxiliary 

signalling tail adapted from an endogenous T cell costimulatory molecule (generally either 

CD28 or 4-1BB) greatly improved the quality and duration of the T cell response in patients 

(Maude et al., 2015, Savoldo et al., 2011b, Brentjens et al., 2013). These key advancements 

were instrumental in the clinical success of the first two FDA-approved anti-CD19 CAR T cell 

therapies, axicabtagene ciloleucel and tisagenlecleucel (trade names Yescarta® and 

Kymriah®, respectively), now recommended for the treatment of a range of advanced and 

refractory B cell leukemias (Geyer, 2019, Bouchkouj et al., 2019).  
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Figure 1.1 CAR T cell therapy A) Flowchart detailing the process involved in clinically 

approved CAR therapies. Briefly, T cells are isolated from patient blood, activated and 

expanded, retrovirally transduced with a desired CAR and then further expanded to yield a 

pure population of CAR+ T cells. T cells are then readministered to the patient, resulting in 

rapid tumour clearance. B) domain architecture of a 1st and 2nd generation CAR. Inclusion of 

CD28/4-1BB costimulatory tail sequences and CD8a/CD28 stalk/TM sequences were 

instrumental in achieving clinical success of CAR T cell therapy. Listed in brackets are the 

native proteins from which conventional CAR domains are derived. Receptor is depicted as a 

disulfide linked homodimer, black line linking stalk sequences indicates presence of disulfide 

linkage. Boxes within tail segments indicate signalling motifs. 

 

However, the success of CAR-T therapies in other cancer contexts has been limited, and a 

significant technical hurdle is the optimization of the quality and potency of CAR signalling 

(reviewed in (June et al., 2018)). For example, insufficient CAR potency may be responsible 

for the lack of success in targeting tumours expressing relatively low levels of antigen 

(Majzner et al., 2020). Additionally, if CAR signalling is too weak, the expansion and 

persistence of CAR-T cells within the body is reduced, resulting in ineffective treatment.  

Conversely, CAR-T cells that are too sensitive or delivered at too high a dose can release 

harmful levels of inflammatory cytokines such as IL-2, IL-6, IFN-g and GM-CSF, subsequently 

stimulating bystander immune cell cytokine release resulting in potentially life-threatening 

neurotoxicity or systemic Cytokine Release Syndrome (CRS) (Neelapu et al., 2018). In the 

clinic, IL-6 blocking monoclonal antibody (tocilizumab, Roche) treatment and reduced T cell 

number per dose has mitigated these toxicities, however these remain a major limitation in 
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CAR safety. Excessive CAR signalling can also result in T cell exhaustion and apoptosis (Long 

et al., 2015), which is a significant concern given the strong correlation between T cell 

persistence and clinical efficacy in the treatment of haematological malignancies (Porter et 

al., 2015). Thus, it has become clear that the ability to modulate CAR potency may hold the 

key to improving the safety of currently available treatments and broadening the scope of 

treatable cancers moving forward. Whilst additional layers of control have been afforded to 

CAR activity in recent years thanks to several novel and extravagant engineering 

approaches, the broad utility of these approaches is hampered by the requirement for 

complex re-engineering of CAR constructs and T cells, often involving delivery of multiple 

transgenes and/or CRISPR deletion of endogenous T cell genes (Lim and June, 2017, Roybal 

and Lim, 2017, Labanieh et al., 2018).  

 

In contrast, several recent studies have elegantly detailed how improving the understanding 

of the fundamental receptor biology of CARs can guide optimization of their structural 

features and signalling domains. Such efforts have resulted not only in findings with 

potential to provide immediate clinical benefit, but also act to strengthen our understanding 

of fundamental receptor biology and offer an insight into immune receptor engineering 

rules with broad scope to improve not just CARs, but receptor engineering efforts in 

general. 

 

1.1 Controlling CAR function through signalling domain number/configuration and 

affinity tuning 

The inclusion of costimulatory tail sequences to first-generation CAR designs was central to 

achieving the improved in-vivo expansion and persistence required for anti-tumor efficacy 

in patients (Maude et al., 2014, Savoldo et al., 2011a, Brentjens et al., 2013).  

Preclinical comparisons of CD19 CARs containing CD28, DAP10, 4-1BB or OX40 

costimulatory sequences in a single study (Brentjens et al., 2007) found that the CD28 tail 

uniquely supported antigen-specific in vitro T cell expansion and strong cytokine production. 

In the context of a mesothelin-targeted CAR, CD28 and 4-1BB tails both supported effective 

tumor control in mice, but CD28 yielded faster eradication and 4-1BB uniquely supported 

long-term CAR-T cell persistence (Carpenito et al., 2009). 
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These results have generally been borne out in the context of the FDA-approved CD19 CARs, 

for which there is now a great deal of patient data showing that while overall response rates 

are similar, 4-1BB-containing CARs mediate slower tumor rejection but cause less cytokine 

toxicity and persist for longer (Majzner and Mackall, 2019). However, the molecular 

mechanisms underpinning these functional differences have only recently begun to be 

systematically dissected. While there exists an extensive body of preclinical work comparing 

the functionality of CAR costimulatory sequences, determining the precise contribution of 

these domains has been confounded by the varied use of hinge and TM domains between 

CAR constructs. This was primarily because spacer and/or TM domains were often (but not 

always) transferred along with the costimulatory tails (Brentjens et al., 2007, Finney et al., 

1998, Maher et al., 2002, Zhao et al., 2015b). As described in detail in section 5.1, there is a 

growing appreciation of the relevance of hinge and TM sequences to CAR function, and this 

is a significant confounding factor when not accounted for systematically.  

Such a systematic approach was undertaken in a recent study comparing signaling 

downstream of CD28 and 4-1BB tail sequences in the context of otherwise identical CD19 

CARs (Sun et al., 2020). They found that enhanced Lck recruitment amplifies both basal and 

antigen-induced phosphorylation in the CD28-containing CAR, while the unique ability to 

recruit phosphatase SHP1 (in a THEMIS-SHP1 complex) suppresses basal phosphorylation 

and attenuates antigen-induced phosphorylation in the 4-1BB-containing CAR. Importantly, 

the authors went on to show that engineering SHP1 recruitment into the CD28-containing 

CAR could ameliorate cytokine toxicity without sacrificing overall efficacy, emphasizing the 

utility of gaining detailed mechanistic understanding for engineering better therapies. 

 

In addition to the optimization of CAR costimulatory domains, various other novel 

engineering approaches have been utilized to tackle challenges presented by cancers 

characterized by over-expression of endogenous growth receptors such as HER2. In this case 

the targeting of a cancer antigen that is also present on healthy tissue can result in 

potentially life-threating off-tumour cytotoxicity (Morgan et al., 2010). It was recently 

shown that by deliberately reducing the affinity of a HER2-specific scFv, selectivity could be 

achieved for tumours expressing high levels of HER2 while sparing healthy cells that express 

low levels of HER2 (Fig 1.2A) (Liu et al., 2015). Furthermore, it has recently been shown that 

reducing the affinity of an anti-CD19 CAR could reduce the frequency and severity of toxic 
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side-effects (Ghorashian et al., 2019) without losing cytotoxic potency as long as antigen 

levels on tumour cells are high. 

 

In addition to affinity tuning approaches, a handful of studies have sought to untangle the 

relationship between CAR potency and the number of stimulatory Immunoreceptor 

Tyrosine-based Activation Motifs (ITAMs) present within the CAR CD3z tail (Fig 1) (James, 

2018). The CD3z tail which contains 3 ITAMs, was compared in early studies to a number of 

single ITAM-containing stimulatory tails, such as that of FcRIg. CD3z was consistently shown 

to be the most potent activator of cytotoxicity (Haynes et al., 2001) and for this reason the 

CD3z tail is now used almost ubiquitously within the CAR field. However, one recent study 

has cast doubt over the ‘one size fits all’ use of the native CD3z sequence. Feucht et al. 

(2020) used an anti-CD19 CAR design currently used in the clinic (comprising a CD28 stalk, 

TM and tail followed by CD3z) and via point mutations generated constructs leaving only 

certain combinations of the CD3z ITAMs functionally intact (Fig 1.2B). They found that the 

use of a single intact ITAM at the membrane-proximal position possessed the greatest in 

vivo efficacy in a mouse tumour model in comparison to single ITAMs at more membrane 

distal positions and even a traditional CAR containing all 3 ITAMs. Upon further 

investigation, improved efficacy was attributed to the acquisition of a clinically favourable 

memory T cell phenotype and reduced T cell exhaustion in CARs containing only the 

membrane-proximal ITAM. Importantly, this study used the nalm6 tumour cell line which 

expresses very high levels of CD19 relative to other documented CD19+ cell lines.  

 

While indications currently approved for treatment by CAR therapy also exhibit high CD19 

expression, there are a number of B cell cancers that express significantly lower levels and 

may not support optimal responses from conventional CAR T cells. For this reason, a more 

recent study by Majzner et al (2020) investigated the relationship between CAR potency and 

ITAM number in the context of a range of CD19 expression levels. Nalm6 cell lines were 

generated with a wide range of CD19 expression levels, and low CD19 expression correlated 

with significantly reduced cytotoxicity in vitro. Additionally, it was observed that CARs with a 

single membrane-proximal ITAM were capable of killing CD19high targets, but these were 

significantly less effective when targeting CD19low tumour targets. Extending these findings, 
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it was also shown that the linear insertion of an additional CD3z chain increased the 

potency of a previously ineffective CAR in against CD19low targets. These studies provide a 

strong fundamental basis for the modulation of ITAM number and membrane proximity as a 

means of controlling CAR T cell quality and potency. Furthermore, they imply that there are 

significant clinical benefits to be attained if potency can be matched to the requirements of 

a given tumour setting. However, an aspect of CAR design which may impact the broader 

application of these findings, and yet has received very little systematic investigation, is the 

effect of oligomeric state upon CAR signalling output. 

 

 
Figure 1.2. Leveraging fundamental biology of 2nd generation CAR design to control 

potency. Affinity tuning of scFv affinity (A), titration of CD3z ITAMs encoded per CAR (B) and 

CD8a vs. CD28 stalk/TM selection (C) are all approaches demonstrated capable of controlling 

CAR T cell potency. Both increases and decreases to CAR T cell potency can provide 

therapeutic benefit in specific tumour contexts. Black line linking stalk sequences indicates 

presence of disulfide linkage. 

 

1.2 Higher-order structures in CARs and the influence of stalk/TM sequences 

In each of the aforementioned studies, either a CD8a or CD28 stalk were used, both of 

which contain cysteine residues responsible for the stabilisation of covalent dimers within 

their respective source proteins. Rigorous functional comparisons of CAR stalk sequences 

(where nothing else is varied) are lacking in the literature, however there is circumstantial 

evidence to suggest that stalk-cysteine-mediated CAR dimerization is positively correlated 

with CAR potency (Fitzer-Attas et al., 1998, Bridgeman et al., 2010). It was only recently, 
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however, that this phenomenon was more directly investigated in the context of current-

generation CAR designs. Salzer et al. (2020) observed when covalent dimerization was 

prevented via mutation of the CD8a stalk cysteine, both cytotoxic potential and cytokine 

release were diminished compared to cysteine-sufficient dimeric CAR designs. There are 

two candidate explanations for this observation. Firstly, the key T cell activating kinase ZAP-

70 is known to display enhanced activity due to transautophosphorylation when bound to 

CD3z tails arranged as dimers compared to single tail chains in experiments using purified 

proteins in vitro (Hatada et al., 1995). Hence, it may would be expected that CARs, in which 

CD3ζ tails are presented as dimers, may provide the most favourable binding scaffold for 

ZAP-70 activity. A second and non-mutually exclusive explanation for increased potency of 

dimeric CARs is that an increase in the oligomeric state of a receptor at the cell surface 

proportionally increases the number of signalling tails able to be engaged by a single ligand. 

In the case of the CARs described by Salzer et al (Salzer et al., 2020), a single ligand engaging 

a monomeric CAR would engage one signalling tail encoding 3 CD3z ITAMS, whereas a single 

ligand engaging a dimeric CAR would engage 2 signalling tails encoding 6 CD3z ITAMs. 

Interestingly, natural immune receptors seem to have evolved to harness this concept as a 

means of modulating receptor potency according to ligand availability (Fig 1.3). For 

example, the TCR, which is responsible for signalling in response to pMHC molecules at 

potentially vanishingly low densities (Irvine et al., 2002, Purbhoo et al., 2004, Huang et al., 

2013), assembles as an octameric complex encoding 10 ITAMs (Fig 1.3A) (Dong et al., 2019, 

Call et al., 2002). By comparison, other immune receptors such as NKG2D and KIR, 

responsible for binding far more abundant ligands, assemble as hexameric or trimeric 

complexes, respectively, that contain only 4 or 2 signalling motifs (Fig 1.3A) (Garrity et al., 

2005, Feng et al., 2005). This underscores once again the power of using oligomeric 

assemblies to control the number of signalling tails that are available to be engaged by a 

single ligand.  

 

In addition to the role of stalk dimerization on CAR function, there is growing evidence of a 

broader, sequence-specific influence of stalk/TM domains on CAR function. This was 

emphasized recently by several studies determining that replacing the CD8a stalk/TM 

domain of the commercial CAR tisagenlecleucel with that of CD28 dramatically improved 
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CAR potency in response to low-density ligand (Brudno et al., 2020, Alabanza et al., 2017, 

Majzner et al., 2020) (Stalk sequences listed in table 1, depicted Fig 1.2C)). The molecular 

mechanisms underlying this phenotype were not addressed in this study, and the 

independent contributions of TM versus stalk sequences were not investigated. However, 

given that both CD8a and CD28 stalk/TM domains drive equivalent degrees of receptor 

dimerization (Fujiwara 2020) it appears likely that this observed effect may derive from an 

alternative biological mechanism. These findings highlight the urgent need to disentangle 

the roles of stalk and TM sequences in CAR structure and function, which will inevitably 

provide a more nuanced, empirical understanding of the relationship between oligomeric 

state and CAR potency. 

 

Table 1.1. Native human stalk and transmembrane domain sequences commonly used in 

2nd generation CARs.  

Native protein Stalk sequence/Transmembrane sequence 

CD8a ALSNSIMYFSHFVPVFLPAKPTTTPAPRPPTPAPTIASQPLSLRPEACR

PAAGGAVHTRGLDFACDIYIWAPLAGTCGVLLLSLVITLYC 

CD28 CKIEVMYPPPYLDNEKSNGTIIHVKGKHLCPSPLFPGPSKPFWVLVVVG

GVLACYSLLVTVAFIIF 

* Stalk cysteine residues capable of disulfide bonding marked in bold/underlined. 

 

 

1.3 Developing tools to control CAR oligomerisation through TM domains 

We predicted that by controlling CAR oligomeric state, we could modulate signalling output 

and expand the dynamic range of CAR signalling. Successfully achieving this goal of encoding 

deliberate and predictable control over CAR potency would consequently have the potential 

to enhance CAR therapies in two clinically relevant scenarios. Firstly, the ability to reduce 

CAR potency by expressing a monomeric CAR presents an opportunity to reduce the 

severity and incidence of harmful toxicities such as CRS. Additionally, combining oligomeric 

state manipulation with other engineering approaches has the potential to enable fine 

tuning of other low-potency CAR designs (Feucht et al., 2019, Brudno et al., 2020).  The goal 

of the field is to pursue CAR therapies capable of achieving the lowest degree of toxicity 

while still eliciting maximal anti-tumour efficacy.  
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There are also several scenarios where an increase in CAR potency may be clinically 

desirable. For example, for a new antigen to be targeted by CAR T cell therapy, an scFv with 

sufficiently high binding affinity to induce cytotoxicity is required. If existing anti-tumour 

scFvs possess affinity below this empirical threshold, then the process of sufficiently 

improving affinity can be time-consuming and not guaranteed to succeed. Improving 

receptor potency by increasing the oligomeric state of the receptor could provide a simple 

means of overcoming this potency threshold. Furthermore, there has been significant 

interest in designing CARs capable of targeting oncogenic peptide targets presented by MHC 

molecules on the surface of tumour cells. While some pMHC-targeted CAR designs have 

shown promise using in vivo mouse models, none of these have entered clinical trials 

(Akatsuka, 2020) as of the time or writing this thesis. These peptide:MHC target molecules 

may exist at low concentrations on the cell surface and therefore CARs targeting these 

antigens could benefit significantly from the increased potency afforded by increased 

oligomeric state. 

 

The natural assembly of modular immune receptor complexes such as the TCR through TM 

interactions highlights the possibility of using these domains to control CAR oligomeric state 

(Berry and Call, 2017, Call and Wucherpfennig, 2007). However, the direct use of natural 

receptor TM domains as a means of directing CAR oligomerization is potentially problematic 

due to their competing interactions with other proteins that are expressed in T cells. For 

example, first generation CAR designs including the CD3�TM and tail were incorporated into 

endogenous TCR complexes, an interaction facilitated by paired interactions of charged 

residues within the CD3�TM and TCRa (Bridgeman et al., 2010, Call et al., 2002). We 

therefore proposed to develop completely synthetic TM sequences capable of forming 

highly specific and highly stable oligomeric structures in cellular membranes through de 

novo protein design (Fig 1.3B). To achieve this goal, our lab collaborated with protein design 

expert Sarel Fleishman (Weizmann Institute, Israel), whose recent work on helical 

membrane protein energetics (Elazar et al., 2016a, Elazar et al., 2016b, Weinstein et al., 

2019) forms the basis of improved membrane protein structure prediction and design tools. 

The aim of this collaboration was to generate a panel of transmembrane domain sequences 

capable of forming homotypic, oligomeric structures to be inserted into CAR constructs, 
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thereby encoding control of CAR oligomeric state. We termed this approach the 

‘programmed CAR’ system (shortened herein to proCAR), referring to the act of 

programming CAR oligomeric state through TM domain design. 

 

 
Figure 1.3. Controlling natural and engineered receptor potency via lateral recruitment of 

signalling tails. A) Immune receptor potency is approximately correlated with the number of 

ITAMs found in native receptors. The TCR is capable of responding to single ligands on the 

cell surface, whereas KIR family receptors bind MHC ligands expressed abundantly at the cell 

surface. B) Our hypothesis is that by mirroring native immune receptor organisation, 

increasing the number of ITAMs per receptor complex will result in an increase in receptor 

potency. 
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Encoding CAR oligomeric state via TM domain alterations also presented us with an 

opportunity to ask an important secondary question: do commonly used TM sequences 

influence CAR function? Despite the established relevance of TM sequence in native 

immune receptor structure and function (discussed in detail in chapter 3), the functional 

relevance of these same TM sequences in the context of CAR constructs remains poorly 

defined. However, several recent publications have suggested an important functional role 

for these ‘framework’ regions of CAR, with functional differences observed between CARs 

possessing CD8a vs. CD28 TM/stalk regions (Brudno et al., 2020, Majzner et al., 2020). 

However, the independent contributions of the TM and stalk sequences are yet to be 

empirically tested. The design of CAR constructs possessing TM domains capable of 

replacing commonly used native receptor TM domains whilst maintaining receptor 

oligomerisation presents an opportunity to independently determine the contribution of 

native TM sequence to CAR function. 

 

1.4 Hypothesis and Aims 

Given the relative lack of basic structure-function studies in the CAR design field, the 

hypotheses which defined my PhD studies were as follows: 

1. CAR function is influenced by receptor oligomeric state. 

2. Commonly used CAR TM domains have sequence-specific functional influence. 

 

To adequately address these hypotheses several experimental aims were established, some 

of which were conducted by collaborators both within our Lab and elsewhere, and others 

which formed the core of my PhD studies and the work presented in this thesis. These aims 

are summarised below (visually represented in Fig 1.4), with reference made to aims where 

experimental contributions were made by other researchers within our team: 

 

1. Validate candidate oligomeric sequences through experimental structure 

determination. (De novo TM domain design conducted by Sarel Fleishman, Assaf 

Elazar) 
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2. Characterise the expression, oligomeric state and function of a panel of oligomeric 

proCAR constructs in vitro using T cell lines. 

3. Determine the ability of proCAR designs to drive cytotoxicity and cytokine release in 

primary mouse T cells. (Experiments conducted by Ashleigh Davey, assistance 

provided by Nicholas Chandler). 

 

These experimental aims provided a framework for the work described herein. My role 

within this research team was to initiate structural investigations of de novo designed 

dimeric transmembrane domain (TMD) peptides and subsequently establish a robust in vitro 

experimental system capable of characterising an initial panel of oligomeric proCAR designs 

both biochemically and functionally using T cell lines. Inherent in these aims was the 

potential for observations of proCAR behaviour in vitro to inform the refinement of de novo 

TM design. Additionally, the establishment of a robust experimental system using mouse T 

cell lines presented an opportunity to elucidate mechanisms underlying proCAR phenotype 

in primary mouse T cells. In this regard, the ability of observations of proCAR phenotype in 

primary T cells to inform new CAR constructs capable of refining fundamental mechanisms 

of CAR function formed the basis for chapter 5 of this thesis. 

 

 
Figure 1.4. Visual presentation of hypotheses and aims. Outline of the hypotheses and 

experimental outline of this project. Concept validation represented the portion of this 

project conducted by me. Collaborators who contributed significantly to aspects of this 

research pipeline are listed above their relevant experimental aim. Prof Sarel Fleishman was 

assisted by Dr. Assaf Elazar and Jonathan Weinstein. 
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Chapter 2 Materials & Methods 

General Cloning Procedures 

Where necessary DNA sequences were constructed by overlap PCR or designed as synthetic 

double-stranded DNA fragments (G-blocks, Integrated DNA Technologies, IDT). Unless 

stated, PCR reaction parameters were as follows: 

 

Table 2.1 General PCR reaction composition 

PCR component Volume per 50µl 

reaction (µl) 

10x PCR buffer* 5 

10mM dNTPs (NEB) 1 

10ng/µl Template 1 

10µM forward primer 1 

10µM reverse primer 1 

Phusion polymerase 1 

MilliQ water 40 

* 10x PCR buffer: 100 mM Tris pH 8.8, 500 mM KCl, 15 mM MgCl2, 1% Triton X-100 

All PCR reactions were conducted using a SimpliAmp Thermal Cycler (Applied Biosystems) 

and the cycling conditions described below unless otherwise stated: 
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Table 2.2 General PCR cycling conditions. 

Step Temperature (oC) Duration Repeat 

Denaturation 95 2 min 1x 

Denaturation 95 30 s  

Annealing 52 30 s 25x 

Extension 72 1 minute/kb  

Extension 72 7 min 1x 

PCR products were purified via agarose gel electrophoresis using 1% molecular-grade 

agarose gels supplemented with MidoriGreen (Nippon genetics) in 1x TAE buffer for 30-40 

min at 110 V. DNA bands were visualised first with a ChemiDoc Touch gel imaging system 

(Bio-Rad) and subsequently under UV light. Desired bands were cut out using a scalpel blade 

and DNA was extracted using the Zymogen DNA Recovery Kit.  

Oligonucleotides 

Due to large number of oligonucleotides (IDT) used in the generation of the various 

constructs detailed below, these sequences are not listed but are available on request. 

Sequences are stored within a Call lab password protected online database and can be 

readily accessed. 
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Plasmid vectors 

Table 2.3 plasmid vectors 

Plasmid name Antibiotic selection Description 

pTrpLE  Kanamycin IPTG-inducible expression of peptides with a 

trpLE fusion tag. Plasmid used within Call lab 

is based on original pMM-LR6 plasmid. 

pLVX-TRE3G Ampicillin/puromycin Retroviral vector for doxycycline-inducible 

expression of protein. 

pMSCV-II-IRES-

mCherry 

Ampicillin Retroviral expression vector used for 

expression of CAR constructs in mammalian 

cells. 

pIVT (originally 

pSP64) 

Ampicillin Used for in vitro mRNA production driven by 

T7-promoter. 

 

Restriction Endonuclease Digest  

Restriction endonuclease digests were performed in a final volume of 50μl using 20 units of 

relevant enzyme (NEB) and 5µl supplied 10x restriction enzyme buffer (NEB) incubated at 

37 °C for 1 h. In the case of double restriction digests, a buffer system recommended by the 

manufacturer’s website was used (NEB Double Digest Finder). All vectors were treated with 

0.2μl calf intestinal phosphatase (NEB) for the last 20 min of the digest to prevent re-

ligation of vectors during the ligation step. Agarose gel electrophoresis was used to purify 

DNA fragments.  

 

Ligation 

Digested and gel purified DNA fragments and recipient plasmid vectors were combined at a 

molar ratio of 3:1 in a reaction mixture that contained: 1µl Quick Ligase (NEB), 5µl 2x Quick 

Ligation buffer*, 10µg/ml DNA final concentration, made up to 10µl with milliQ water. 

Reaction proceeded for 10 minutes at room temperature prior to transformation. 

* 2x Quick Ligation buffer: 66 mM Tris-HCl, 10 mM MgCl2,1 mM dithiothreitol, 1 mM ATP, 

7.5% polyethylene glycol (PEG6000), pH 7.6 @ 25°C. 
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Transformation 

9µl of 10µg/ml DNA, either purified plasmid template or ligation reaction mixture, was 

added to 39µl milliQ water and 12µl KCM chemical transformation buffer*. This mixture 

was cooled on ice, mixed with 60µl of chemically competent stabl3 E. coli (NEB) and 

incubated on ice for at least 30 minutes. This mixture was then removed and rested at room 

temperature for 10 minutes prior to plating on agar plates for antibiotic selection. 

*  KCM buffer: 500 mM KCl, 150 mM CaCl2, 250 mM MgCl2 

 

Cloning of peptide expression constructs for structural studies 

DNA sequences of relevant peptides were ordered as double-stranded DNA G-blocks (IDT), 

codon optimized for expression in E. coli, with multiple peptides encoded in a single G-block 

and separated by HindIII and BamHI restriction digest sites. G-blocks were digested with 

with BamHI and HindIII and ligated into the trpLE expression vector, several clones were 

grown and sequenced using sanger sequencing to confirm presence and identity of peptide 

sequence. 

 

Bacterial expression of peptides for structural studies 

proMP containing pTrpLE expression vectors were transformed into KCM-competent BL21-

DE3 E. coli and grown on LG-agar plates containing kanamycin (50 mg/L). Colonies were 

picked and added to M9 Minimal Media* starter cultures (equal to 1/10 of total volume) 

which were grown overnight at 37 °C shaking at 180 rpm. Starter cultures were then added 

to the desired final volume of M9 media and split 1L per flask. Cultures were grown at 37 °C, 

shaking at 140 rpm until reaching an optical density at 600 nm (OD600) of 0.6. The incubator 

with cultures was then cooled to 18 °C while shaking for 1 h and protein expression was 

induced by addition of IPTG (Sigma-Aldrich) to a final concentration of 0.1mM. Cultures 

were shaken at 18 °C at 140 rpm o/n and harvested via centrifugation. Cell pellets were 

either stored at -30 °C or processed immediately as described below.  

 

*M9 minimal media (per 1L): 3 g KH2PO4, 1 g NH4Cl, 7.5 g Na2HPO4 (di-hydrate), 0.5 g NaCl, 4 

g Glucose, 1 centrum tablet (GSK), 100 μl 1 M CaCl2, 1 ml 2 M MgSO4, 50 μg kanamycin 
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proMP peptide production 

To aid purification, analysis and crystallisation, all designed sequences were modified to 

include Glu-Pro-Glu at the amino terminus and Arg-Arg-Leu-Cys at the carboxy terminus 

based on the favourable properties of the glycophorin A TM domain fragment, which 

crystallises rapidly in many test conditions (Trenker et al., 2015). C-terminal cysteine was 

included to permit fluorescent labelling, although such labelling was not used in the course 

of this project. Peptides were produced recombinantly as 9xHis-trpLE fusion proteins in E. 

coli. Cells were lysed in lysis buffer*, sonicated and centrifuged at 20,000 x g to pellet 

inclusion bodies. Importantly, the C-terminal Cys sulfhydryl group was protected during lysis 

using 10 mM S-methyl methanethiosulfonate (MMTS, Sigma-Aldrich). Inclusion bodies were 

then resuspended in guanidine buffer* and mixed for 4 hours to permit solubilization. 

Supernatant was filtered to remove debris, prior to being added to a Nickel-affinity matrix 

(Sigma Aldrich) equilibrated with guanidine buffer and mixed overnight. The following day 

this matrix was poured into a column and then washed with 10 column volumes (CV) urea 

wash buffer* and eluted with 2 x 1 column volumes of neat trifluoro acetic acid (TFA). 

TFA/protein mixture was then diluted with water to a final concentration of 80%v/v, mixed 

with 0.2g of cyanogen bromide per ml of TFA/protein mixture and allowed to react for 3.5 

hours in a fume cupboard. Mixture was then dialyzed against water using a 3.5kDa dialysis 

cassette to remove and neutralise CNBr. The precipitated protein mixture was then 

lyophilized to form a white powder. Approximately 20mg of lyophilized digest products 

were dissolved in 1ml neat formic acid and purified using reversed phase high-performance 

liquid chromatography (RP-HPLC), performed using a Duo-Flow chromatography system 

equipped with a BioLogic QuadTec UV-Vis detector (Bio-Rad). Using a C8-semiprep column 

(Agilent technologies) all peptides were purified using a protocol involving a 4-column 

volume linear gradient from solvent A (80% H2O, 20% ACN, 0.1% TFA) to solvent B (75% IPA, 

25% ACN, 0.1% TFA). Peptide fractions were pooled and small samples of 15ml, 30ml and 

45ml were taken for SDS-PAGE analysis. Pooled fractions containing pure peptides were 

then lyophilized and stored at room temperature until required. 

 

*Bacterial lysis buffer: 200 mM NaCl, 50 mM Tris HCL, pH 8.0, 10mM MMTS 

*Urea wash buffer: 8 M urea, 50 mM Tris HCL, 200 mM NaCl, 10mM MMTS 
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*Guanidine buffer: 6 M guanidine hydrochloride (GuHCl), 1% Triton X-100, 10 mM MMTS 

 

LCP Crystallography 

Peptides were dissolved in neat 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP, Sigma-Aldrich) 

prior to addition of the fatty acid monoolein. The volume of Monoolein was calculated so as 

to constitute 60% of the final LCP volume desired. Peptide amount was calculated according 

to a protein concentration of 40mg/ml of final LCP mixture. Ensuring all peptide and 

monoolein were dissolved the mixture was then lyophilized overnight. The resultant mixture 

was then heated at 52°C in a 1.5ml tube to form a viscous liquid at which point it was 

transferred to coupled 100μl gastight Hamilton syringes (Formulatrix) and combined with 

20mM Tris buffered saline* (TBS). TBS volume added was equal to 40% of the final desired 

LCP volume. With monoolein and Tris buffer loaded in two ends of a dual syringe set-up the 

mixture was exchanged back and forwards until reaching a desired, transparent appearance. 

Upon reaching transparency the mixture was dispensed in 100nl drops onto 96-well glass 

plates (Molecular Dimensions) with 1μl of precipitant solution using a mosquito LCP robot 

(TTP Labtech) at room temperature. Plates were sealed and stored at 20°C in a Gallery 700 

incubator coupled to a Minstrel HTUV imaging system (Rigaku) for monitoring crystal 

formation.  

Crystals were harvested by cutting plastic seals with a hot scalpel (heated using a propane 

torch). Crystals were then frozen without adding cryo-solution/protection to the drop. A 

cryo-solution containing 60% glycerol was added to the drop to harvest further crystals. 

Data were collected at the Australian Synchrotron. 

*TBS: NaCl 137mM, KCl 2.7mM, Tris base 20mM 

Processing of crystal diffraction data 

Data were collected on the MX2 beamline of the Australian Synchrotron at a wavelength of 

0.9537 Å and a temperature of 100K. Data were indexed and scaled using XDS and Aimless 

(CCP4 program suite)(Winn et al., 2011, Kabsch, 2010). Structure factor amplitudes were 

obtained using cTruncate (CCP4 program suite)(Winn et al., 2011, Otwinowski and Minor, 

1997). proMP2.1 and proMP2.2 crystal structures were solved with Phaser(McCoy et al., 

2007) by molecular replacement using 5EH6 and 5EH6 mutated to the proMP2.2 sequence 
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respectively. Iterative rounds of refinement were conducted in PHENIX (Adams et al., 2010) 

with model building taking place in Coot (Emsley et al., 2010). 

 

Cloning of CAR constructs for mammalian cell expression 

Reference CAR construct was generously provided by Dr. Ryan Cross and A/Prof Misty 

Jenkins from the Walter and Eliza Hall institute. This construct consisted of the CD8a leader 

sequence (responsible for membrane localisation), FRP5 anti-HER2 scFv, CD8a stalk, CD28 

TM/cytosolic tail domain and CD3z cytosolic tail; all sequences derived from human source. 

Stalk cysteine mutations as well as the generation of all CAR constructs with TM mutations 

(CD28TM mut) or TM insertions replacing the original CD28TM domain were all achieved 

using overlap PCR, outlined in the figure below (Fig 2.1). CAR fragments were ligated using 

EcoRI and XhoI restriction sites into the Murine Stem Cell Virus plasmid (pMSCV) containing 

an IRES-mCherry expression gene (pMIC II) or the pLVX-TRE3G doxycycline inducible 

expression vector. 
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A) 

 
B) 

MDFQVQIFSFLLISASVIMSRQVQLQQSGPELKKPGETVKISCKAS

GYPFTNYGMNWVKQAPGQGLKWMGWINTSTGESTFADDFKGRFDFS

LETSANTAYLQINNLKSEDMATYFCARWEVYHGYVPYWGQGTTVTV

SSGGGGSGGGGSGGGGSDIQLTQSHKFLSTSVGDRVSITCKASQDV

YNAVAWYQQKPGQSPKLLIYSASSRYTGVPSRFTGSGSGPDFTFTI

SSVQAEDLAVYFCQQHFRTPFTFGSGTKLEIEQKLISEEDLNGVTV

SSALSNSIMYFSHFVPVFLPAKPTTTPAPRPPTPAPTIASQPLSLR

PEACRPAAGGAVHTRGLDPFWVLVVVGGVLACYSLLVTVAFIIFWV

RSKRSRLLHSDYMNMTPRRPGPTRKHYQPYAPPRDFAAYRSRVKFS

RSADAPAYQQGQNQLYNELNLGRREEYDVLDKRRGRDPEMGGKPRR

KNPQEGLYNELQKDKMAEAYSEIGMKGERRRGKGHDGLYQGLSTAT

KDTYDALHMQALPPR* 

Figure 2.1 Cloning strategy and protein sequence of FRP5 construct construction for 

mammalian expression. A) Cloning strategy used to generate proCARs from FRP5 Cys Mut 

CAR. B) Protein sequence of Reference FRP5 CAR, CD8a stalk cysteine is underlined and 

bold.  
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Cell culture 

BW5147 and Jurkat E6.1 T cells were both cultured in Roswell Park Memorial Institute 

(RPMI) media without Glutamine (Lonza) + 10% FBS (Bovogen biological) + 2mM L-

glutamine (Gibco) (RPMI+ for short) and maintained at a density less than 1x106 cells/ml. T 

cells were cultured at 36°C and 5% CO2. HEK293T cells used for virus production were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) without Glutamine (Lonza) + 10% 

FBS (Bovogen biological) + 2mM L-glutamine (Gibco) and cultured at 36°C and 10% CO2. 

Primary Mouse T cells were cultured in mouse T cell medium (mTCM) consisting of Roswell 

Park Memorial Institute (RPMI) 1640 Medium (Gibco) supplemented with foetal bovine 

serum (10%; Bovogen Biological), L-glutamine (2 mM; Gibco), sodium pyruvate (1 mM; 

Gibco), non-essential amino acids (1x; Sigma-Aldrich), β-mercaptoethanol (50 μM; Sigma-

Aldrich) and recombinant human IL-2 (100 IU/ml; PeproTech). Following removal of 

magnetic beads, T cells were maintained at 1x106 cell/ml in mTCM. 

 

Virus production 

On day 0 HEK 293T cells were plated at 3x105 cells per well in a 6-well plate. On Day 1 

(transfection day) cells were inspected and confirmed to be at a density of between 60-70% 

confluence. Media was changed early in the day and 2 hours later DNA transfection mixture 

was added dropwise while mixing (mixture outlined below). On day 2 media was replaced 

with fresh media. On day 3 virus containing media was removed from the 293T cells and 

filtered using a 0.2µm filter unit and set aside for viral transduction. 

Table 2.4 Transfection reaction mixture 

Ingredient Quantity 

2X HBS 86µl 

Transfer Plasmid (pMSCV II mCherry)# 1720ng (43µl) 

GAG/Pol Packaging plasmid (psPAX2)^ 460ng 

MLV ecotropic envelope plasmid (mouse cell transduction)^ or 

VSVg envelope plasmid (Human cell transduction)^ 

460ng 

CaCl2 (0.5M) 43µl 
# Plasmid generously donated by A/Prof Doug Fairlie 
^ Plasmids generously donated by A/Prof Marco Herold 
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BW5147 NFκB reporter Cell line 

The BW5147 NFκB reporter cell line was previously generated within the Call lab. This cell 

line was generated via retroviral transduction with a retroviral construct consisting of a gene 

encoding de-stabilised EGFP (a variant of EGFP with significantly reduced protein half-life) 

driven by four copies of an NFκB response element. The plasmid containing this NFκB 

response element was generously donated by Prof John Silke. 

 
BW5147 and Jurkat CAR T cell production 

BW5147 mouse cell line or Jurkat E6.1 human T cell line was resuspended to 5.0x105 

cells/ml in fresh RPMI+, prior to being mixed with the relevant filtered viral supernatant in a 

1:1 volume ratio. Virus/cell mixture was then supplemented with 8µg/ml polybrene (Merck) 

and mixed thoroughly before progressing to spinfection in a 12-well tissue culture treated 

plate (2500 rpm, 37℃, 45 mins). The following day media was replaced with fresh media 

and cells allowed to recover. Surface staining was conducted at day 5 after transduction to 

confirm successful expression.  

 

Cell surface staining for flow cytometry 

Antibodies were diluted to a relevant dilution (see antibody list) in FACS buffer. 50µl of 

diluted antibody cocktail was added to cell pellets and mixed thoroughly before incubating 

on ice for 40 minutes. After staining, cells were washed twice in 200µl ice cold FACS buffer 

then resuspended in 100µl FACS buffer and analysed via flow cytometry. 

*FACS buffer: PBS, 0.5% BSA, 2mM EDTA 

 

CAR Immunoprecipitation western blotting 

107 cells were pelleted and washed twice with ice cold FACS buffer then resuspended in 

400µl of 10µg/ml polyclonal anti-IgG (Sigma-Aldrich) and incubated on ice for 40 minutes 

prior to being washed with ice-cold FACS buffer twice. Cells were then resuspended in 300µl 

mammalian lysis buffer* and allowed to sit on ice for 30min and subsequently centrifuged 

at 20000g to clear debris. The presence of iodoacetamide ensured that free cysteine 

residues were covalently modified to prevent non-specific disulfide formation. Supernatant 

was then added to 20µl of protein-G agarose (Sigma-Aldrich) and allowed to mix at 4°C 

overnight. 5% supernatant sample was also in some cases taken at this stage to permit 
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concurrent whole cell lysate analysis. Beads were then washed twice in mammalian lysis 

buffer* (minus protease inhibitor) prior to elution with 20µl LDS* and 2 minutes boiling at 

95°C. Samples were then removed from beads with a Hamilton syringe and loaded into a 

non-reducing NuPAGE 4-12% Bis-Tris 10-well gel (Thermofisher), run for 1 hour at 200V. Gel 

was subsequently transferred to a PVDF membrane (Sigma-Aldrich) at 30V for 2 hours. 

Membrane was blocked with TBSt* + 5% BSA for 1 hour, then incubated at 4°C overnight 

with 1:2000 anti-Myc. The membrane was then rinsed in 10ml TBSt twice prior to addition 

of 1:10000 anti-mouse IgG-HRP for 2 hours. The membrane was rinsed in 5ml TBSt 3 times, 

10 minutes per wash. Enhanced chemiluminescent (ECL) reagent (Thermofisher) was mixed 

and added to the membrane prior to visualization on a ChemiDoc imager (Bio-Rad). 

*LDS sample buffer 4X: 106 mM Tris HCl 141 mM Tris Base 2% LDS 10% Glycerol 0.51 mM 

EDTA 0.22 mM SERVA Blue G250 0.175 mM Phenol Red pH 8.5. 

*Mammalian lysis buffer: PBS, 1% IGEPAL CA-630 (Sigma Aldrich), 10mM iodoacetamide, 1X 

P8340 protease inhibitor. 

*TBSt: NaCl 137mM, KCl 2.7mM, Tris base 19mM, Tween-20 0.1%  (Sigma-Aldrich) 

 
DAP12-fusion cloning 

CAR constructs described above were used as template to generate 5’ fragments, whereas a 

template containing the full-length DAP12 sequence and a CD8a leader sequence was used 

as template to generate a 3’ fragment. Overlap PCR was used to combine these fragments 

to form the desired DAP12-fusion designs. Full-length fragments were then digested and 

ligated as described above* into a modified version of the pSP64-Kozak plasmid vector, 

which included a 3’ HA-tag. 
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A) 

 

B) 

MVPCTLLLLLAAALAPTQTRAQAQSDCSCSTVSPFWLVLILLTFVL

FVFILYWVITWYLIWVRSKRSRLLHSDYMNMTPRRPGPTRKHYQPY

APPRDFAAYRSRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDVL

DKRRGRDPEMGGKPRRKNPQEGLYNELQKDKMAEAYSEIGMKGERR

RGKGHDGLYQGLSTATKDTYDALHMQALPPRGSGYPYDVPDYA* 

Figure 2.2 Cloning strategy and protein sequence of DAP12 fusion constructs. A) cloning 

strategy used to generate DAP12-Fusion constructs. B) Protein sequence of proMP1 

containing DAP12 fusion shown here as example. DAP12 stalk cysteines are underlined and 

bold. 

In vitro transcription 

Messenger RNA (mRNA) was generated synthetically from pIVT DAP12-fusion constructs 

described above using the RiboMAX® T7 Large-Scale RNA Production kit (Promega) and 

methyl-G cap analog (Promega). The in vitro transcription reactions took place at 37°C for 

3.5 hours. mRNAs were then purified using the Qiagen RNeasy® Mini kit (Qiagen) according 

to manufacturer’s protocol. 

 



 43 

In Vitro translation dimerization assay 

A master mix for all IVT reactions was made according to the table below, assuming a final 

reaction volume of 25µl/sample. 100ng of mRNA was diluted to 2.5µl with H2O and was 

denatured at 65°C for 3 minutes, which was then transferred directly to ice to snap cool. 

Ice-cold master mix was then added to cold mRNA to give a final volume of 25µl. All 

reaction tubes were then incubated at 30°C for 15 minutes to allow translation to occur. 2µl 

of 50mM oxidised glutathione was then added to each tube, mixed and incubated at 30°C 

for a further hour. Reaction was stopped by addition of 900µl Tris buffered saline (pH 8.0) 

containing 10 mM Iodoacetamide. All samples were centrifuged at 20000g for 10 minutes at 

4°C to pellet ER microsomes. Microsomes were washed twice in 500µl of Tris buffered 

saline (pH 8.0) containing 10 mM Iodoacetamide then all liquid was removed. Pellets were 

then resuspended in 20µl of 1X LDS and run on SDS-PAGE using a NuPAGE 12% Bis-Tris gel 

(Thermofisher) at 200V for 50 minutes, MES buffer. Gel was transferred to PVDF (Sigma-

Aldrich) using a wet transfer approach before being air-dried and imaged using a Typhoon 

FLA 7000 Phosphoimager. The ratio between monomeric and dimeric bands were 

quantified. 

 
Table 2.5 IVT reaction mixture 

Ingredient Amount per 25µl 

reaction 

Nuclease treated rabbit reticulocyte lysate (Promega) 16.5μl 

Purified ER microsomes 2μl 
35S-labelled cysteine and methionine 2μl 

Amino acid mixture minus cysteine and methionine (Promega) 0.5μl 

Recombinant Rnasin® ribonuclease inhibitor (Promega) 0.5μl 

mRNA (120ng/µl) 2.5µl 

 

Cloning of CAR-GFP fusion constructs for fluorescent correlation microscopy 

Overlap PCR was used to generate an eGFP point mutant A206K, a mutation that ablates the 

weak homo-dimerization inherent to eGFP. A206K was then fused via overlap PCR to the C-

terminus of the CD3z tail, with the inclusion of a Gly-Ser-Gly flexible linker between the two 
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sequences. CAR-GFP constructs were ligated into the pMSCV-II-IRES-mCherry retroviral 

expression vector. 

 
A) 

 
B) 
MDFQVQIFSFLLISASVIMSRQVQLQQSGPELKKPGETVKISCKASGYPFTNYGMNWVKQAP

GQGLKWMGWINTSTGESTFADDFKGRFDFSLETSANTAYLQINNLKSEDMATYFCARWEVYH

GYVPYWGQGTTVTVSSGGGGSGGGGSGGGGSDIQLTQSHKFLSTSVGDRVSITCKASQDVYN

AVAWYQQKPGQSPKLLIYSASSRYTGVPSRFTGSGSGPDFTFTISSVQAEDLAVYFCQQHFR

TPFTFGSGTKLEIEQKLISEEDLNGVTVSSALSNSIMYFSHFVPVFLPAKPTTTPAPRPPTP

APTIASQPLSLRPEAARPAAGGAVHTRGLDPFWLVLILLTFVLFVFILYWVITWYLIWVRSK

RSRLLHSDYMNMTPRRPGPTRKHYQPYAPPRDFAAYRSRVKFSRSADAPAYQQGQNQLYNEL

NLGRREEYDVLDKRRGRDPEMGGKPRRKNPQEGLYNELQKDKMAEAYSEIGMKGERRRGKGH

DGLYQGLSTATKDTYDALHMQALPPRQLGSGVSKGEELFTGVVPILVELDGDVNGHKFSVSG

EGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYV

QERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMAD

KQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSK 

DPNEKRDHMVLLEFVTAAGITLGMDELYK* 

Figure 2.3 Cloning strategy and protein sequence for CAR-GFP fusion constructs. A) 

Cloning strategy used to generate GFP-fusion proCARs from relevant CAR constructs 

described in Figure 2.1. B) Protein sequence of proCAR1 FRP5 A206K EGFP fusion 

construct shown as example. A206K mutation within EGFP ablates weak propensity for 

EGFP to homodimerize. 
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TIRF microscopy 

Relevant BW5147 T cells expressing GFP fusion CAR constructs were resuspended in fresh 

RPMI+ at a density of 1.0x105 cells/ml and aliquoted onto an 8-well chamber slide (Ibidi) on 

day 0 to allow them to settle and attach to the tissue-culture treated glass surface. On day 1 

samples were placed in the TIRF microscope and allowed to acclimatize in situ at 36°C and 

5% CO2 for 1 hour prior to imaging. Imaging took place using a laser incidence angle of 52o 

to enable TIRF imaging. Cells were imaged at 2.5% laser power, with 200 frames collected at 

500ms intervals. Cells were manually selected for imaging according to observable 

expression of GFP and stable adherence to the coverslide. 

 

Numbers and brightness (N&B) analysis 

Movies were analysed using the simFCS software package. Cells were excluded from 

analysis if significant photobleaching or cell movement took place over the course of 

imaging. simFCS was used to determine an average B-value for a 100x100 pixel area at the 

center of each cell. B-values were tabulated in Excel and according to the equation below 1 

was subtracted from each average B-value to calculate the average oligomeric state of the 

fluorescent protein. These values were then visualized using the software Prism. 

𝐵 =
𝜎!

𝑘 = 𝜀 + 1 

𝜀 =
𝜎!

𝑘 − 1 

B= Brightness 

σ = Fluorescence variance 

k = Fluorescence intensity 

ε = Absolute oligomeric state 

 

BW5147 activation assay 

On day 0 relevant adherent HER2+ target tumour cells lines were plated at an appropriate 

density to ensure 100% confluence the following day. On day 1, target cells were visually 

inspected to confirm their confluency was between 90-100%. Relevant BW5147-NFκB 

reporter CAR T cells were counted and resuspended in fresh RPMI+ at a density of 2.5x106 

cells/ml. Media was aspirated off target cells and 250µl of BW5147-NFκB CAR T cells were 
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aliquoted onto the relevant target cell line. For time-course experiments, the 6 hour 

timepoint was aliquoted first, followed 2 hours later by the 4 hour time point and so on until 

the 0 hour timepoint, in which all conditions were simultaneously resuspended and 

removed for antibody staining. Cells were stained with anti-CD69 and then analysed via flow 

cytometry according to the gating strategy described in figure 4.5. 

 

Mouse CD8+ T cell isolation and culture 

Single-cell suspensions of peripheral lymph nodes from 8-10 week old C57B/6 mice were 

prepared by mechanically dissociating through a 70 mm cell strainer (BD Biosciences) into 

cold PBS. CD8 T cells were subsequently selected using the EasySepTM mouse CD8a positive 

Kit II (Stem Cell Technologies) according to manufacturer’s instructions. Purity was 

confirmed as >95% using anti-CD3 and anti-CD8a staining, analysed via flow cytometry (BD 

LSR II or Cytek Aurora). CD8 T cells were subsequently activated by incubating overnight 

with Mouse T-Activator CD3/CD28 DynabeadsTM (Gibco) at a bead to cell ratio of 1:1 in 

mouse T cell medium (mTCM) consisting of Rosewell Park Memorial Institute (RPMI) 1640 

Medium (lonza) supplemented with foetal bovine serum (10%; Bovogen Biological), L-

glutamine (2 mM; Gibco), sodium pyruvate (1 mM; Gibco), non-essential amino acids (1x; 

Sigma-Aldrich), β-mercaptoethanol (50 mM; Sigma-Aldrich) and recombinant human IL-2 

(100 IU/ml; PeproTech). Following removal of magnetic beads, T cells were maintained at 

1x106 cell/ml in mTCM. 

 

Primary CAR T cell transduction 

Retrovirus for primary T cells was produced using calcium phosphate transfection of 

HEK293T cells. Tissue-culture treated 12-well plates were coated with 32 µg/ml retronectin 

(Takara Bio) for 24 hrs, before plating of 1x106 cells in 1ml viral supernatant and performing 

a spinfection (2500 rpm, 37℃, 45 mins). Viral supernatant was removed after 16 hr and 

replaced with mTCM for primary T cells. 

 

Primary CAR T cell chromium release killing assay 

Standard 51Cr release assays were conducted to assess CAR T cell cytotoxicity by measuring 

release of radioactivity into culture supernatants as cells are lysed. Target MC57 mouse 
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fibrosarcoma cells stably expressing human HER2 (MC57-HER2) were pre-loaded with 100 

μCi 51Cr for 1 hour at 37°C, washed three times and then 2x104 tumour cells were co-

incubated with CAR T cells at effector-to-target (E:T) ratios ranging from 40:1 to 1.25:1. 

Supernatants were harvested after 4 hrs of co-incubation, plated onto a 96-well scintillator 

coated LumaPlate (PerkinElmer) and 51Cr release quantified using a MicroBeta2 Microplate 

Counter (PerkinElmer). Target tumour cells incubated in a 5% Triton X-100 solution were 

used as a maximum release control, while tumour cells incubated in mTCM alone were used 

as a spontaneous release control. Percent lysis was calculated as: % lysis = ((Experimental 

release – Spontaneous release) ÷ (Maximum release – Spontaneous release)) 100. Data in 

Figure 3f and Figure 4d are derived from the 20:1 E:T ratio where killing was maximal for all 

constructs. 

 

Primary CAR T cell cytokine release assay 

To assess cytokine secretion by CAR T cells, cytokine bead arrays on co-culture supernatants 

were performed. Murine CAR T cells (1x105 cells) were washed once in PBS and co-

incubated with either mTCM alone, a 1:1 bead to cell ratio of Mouse T-Activator CD3/CD28 

DynabeadsTM (Gibco) as a positive control, non-target MC57 parental tumour cells (2x104 

cells) as a negative control, or target MC57-HER2 tumour cells (2x104 cells) in triplicate. After 

24 hours, supernatants of co-cultures were collected and used in a LEGENDplex Mouse T 

Helper Cytokine Panel Version 2 Flexi Kit (Biolegend) for IFN-γ, IL-2 and TNFα, and 

LEGENDplex Mouse Cytokine Panel 2 Flexi Kit (Biolegend) for GM-CSF according to 

manufacturer’s instructions. All samples were analysed using a LSR II Fortessa or FACSVerse 

(BD Bioscience) and concentration determined against a standard curve of each analyte 

using FlowJoTM v10 software. 

 

In vivo MC38 mouse tumour model 

On day 0, 5-6 female NSG mice (6-8 weeks of age) were injected subcutaneously with 5x105 

MC38 HER2+ tumour cells. On day 1, 1x107 CAR T cells were injected intravenously, 

supplemented with intraperitoneal IL-2 injection (5x104 IU) on days 1, 2 and 3 to support T 

cell engraftment. Tumour size was measured daily using callipers, with mice euthanized at 

ethical endpoint (defined as tumour with a volume of 1000mm3), at which time tumours, 

spleens and blood samples were taken for processing. 
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Mouse strains and animal ethics 

All animal work was carried out in accordance with the Australian National Health and 

Medical Research Council guidelines under the approval of the Walter and Eliza Hall 

Institute Animal Ethics Committee (Ethics number: 2020.030). C57/B6 mice were used as 

donor mice for all primary CAR-T cell experiments and NOD/SCID/IL2r/J(GM) mice used as 

recipient mice for all in vivo experiments. All mice were supplied from the Walter and Eliza 

Hall Institute Animal Breeding Facility (Victoria, Australia) and housed in the Walter and 

Eliza Hall Institute Bioservices Facility (Victoria, Australia). 

 

Co-localization microscopy 

8x105 cells were incubated with anti-Myc primary antibody, diluted in FACS buffer, for 30 

min on ice. Cells were washed twice in FACS buffer and further incubated with 

Alexafluor488 anti-mouse IgG goat secondary antibody in 50µl cold RPMI+ for 10 minutes 

on ice. 150µl warm RPMI+ was added to each sample and transferred to 37 °C for 10 min to 

induce crosslinking induced capping. To halt the capping process 500µl ice-cold FACS buffer 

containing 0.1 % sodium azide was added. Cells were washed twice in ice-cold FACS buffer + 

0.1 % sodium azide then stained on ice for 45 minutes with either anti-CD28 APC or anti-

CD45 APC diluted in FACS buffer + 0.1 % sodium azide. After washing twice in FACS buffer + 

0.1 % sodium azide, cells were fixed with 3% paraformaldehyde, transferred to 8-well 

chamber slides (Ibidi) and stored at 4°C overnight until imaging. 

Analysis was conducted within the Imaris software package as follows. The cluster-picking 

function was used to detect Alexafluor488 fluorescent CAR clusters. CD28 clusters that co-

localised with CAR clusters were then detected and quantified. CAR clusters and co-localised 

CAR/CD28 clusters were tabulated in Excel and visualised with prism. 

 

Cloning of Yescarta proCAR panel. 

Yescarta proCAR constructs were generated using an overlap PCR approach. First, a gene 

fragment was purchased (g-block® - Integrated DNA technologies) encoding the FMC63 anti-

CD19 scFv and CD28 stalk sequence, containing a mutation in the CD28 stalk sequence, 

converting a stalk cysteine residue to an alanine. This fragment was fused via overlap PCR to 
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TM and tails fragments from relevant FRP5 CAR constructs. To generate a reference 

Yescarta CAR with stalk cysteine residues, complementary primers encoding an alanine to 

Cysteine mutation were used to generate PCR products, subsequently combined via overlap 

PCR. All fragments were digested with EcoRI/XhoI and ligated into the pMSCV-II-IRES-

mCherry retroviral expression vector. 

 
A) 

 
B) 
MLLLVTSLLLCELPHPAFLLIPEQKLISEEDLDIQMTQTTSSLSASLGDRVTISCRASQDIS

KYLNWYQQKPDGTVKLLIYHTSRLHSGVPSRFSGSGSGTDYSLTISNLEQEDIATYFCQQGN

TLPYTFGGGTKLEITGSTSGSGKPGSGEGSTKGEVKLQESGPGLVAPSQSLSVTCTVSGVSL

PDYGVSWIRQPPRKGLEWLGVIWGSETTYYNSALKSRLTIIKDNSKSQVFLKMNSLQTDDTA

IYYCAKHYYYGGSYAMDYWGQGTSVTVSSAAAIEVMYPPPYLDNEKSNGTIIHVKGKHLCPS

PLFPGPSKPFWVLVVVGGVLACYSLLVTVAFIIFWVRSKRSRLLHSDYMNMTPRRPGPTRKH

YQPYAPPRDFAAYRSRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDVLDKRRGRDPEMGG

KPRRKNPQEGLYNELQKDKMAEAYSEIGMKGERRRGKGHDGLYQGLSTATKDTYDALHMQAL

PPR* 

Figure 2.4 Cloning strategy and protein sequence of Yescarta proCAR construct. A) 

cloning strategy used to generate proCARs from Yescarta Cys Mut CAR. B) Protein sequence 

of Reference Yescarta CAR, CD28 stalk cysteines underlined, bold. 



 50 

 
 

Table 2.6 Antibody list. Flow cytometry (FC), western blot (WB), immunoprecipitation (IP), 

Immunohistochemistry (IHC). 

Antigen specificity Clone Conjugation Supplier Dilution 

Human c-Myc 9B11 AlexaFluor 647 Cell Signalling 

Technologies 

1:100 (FC) 

Human c-Myc 9B11 unconjugated Cell Signalling 

Technologies 

1:100 (IHC) 

Mouse IgG polyclonal unconjugated Sigma-Aldrich 10µg/ml (IP) 

Mouse CD28 145-2C11 APC Biolegend 1:200 (IHC) 

Mouse CD69 H1.2F3 Pacific Blue Biolegend 1:200 (FC) 

Mouse/human 

CD3z 

6B10.2 Horseradish 

Peroxidase 

Santa Cruz 

Biotechnology 

1:1000 (WB) 

Mouse CD8a 53-6.7 APC/Cy7 Biolegend 1:400 (FC) 

Mouse CD3e 145-2C11 PE Biolegend 1:400 (FC) 

Mouse IgG polyclonal A488 Biolegend 1:200 9IHC) 
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Chapter 3 Development of a novel de novo membrane protein 

oligomer design pipeline 

 

3.1 Background and rationale. 

De novo protein design in recent years has developed from an academic exercise to an 

increasingly reliable tool capable of solving real world problems (Khoury et al., 2014, Huang 

et al., 2016). However, most of the work to this point has been carried out on soluble 

proteins, with the field of membrane protein modelling and design lagging behind. 

Examples of de novo designed oligomeric membrane proteins to date are scarce, with the 

only published examples of taking the form of helical hairpin structures (Lu et al., 2018) or 

ion-transporters (Joh et al., 2014). As these structures were not compatible with expression 

as type-I transmembrane proteins (due to their inherent requirement for anti-parallel helix 

packing) they were unsuitable for application in a single-pass transmembrane protein such 

as a CAR. However, due to recent advancements in the field of membrane protein 

energetics made by our collaborator Sarel Fleishman and his lab, it appeared feasible that 

protein sequences tailored for the specific requirements of expression in the context of a 

CAR could be modelled de novo and fit for purpose.  

 

One of the keys to the advancements in membrane protein energetics made by the 

Fleishman lab has been the use of a deep-sequencing TOXCAT-b-Lactamase assay (dsTbL). 

This assay works by fusing a desired TM sequence to b-lactamase at its C-terminus, which 

confers ampicillin resistance only in the context of the bacterial periplasm, hence serving as 

a marker of successful membrane insertion. At the N-terminus a ToxR domain is fused, 

which requires dimerization to confer chloramphenicol resistance, serving as a measure of 

self-association. While the TbL assay is well described (Lis and Blumenthal, 2006, Russ and 

Engelman, 1999, Langosch et al., 1996), the novel approach taken by the Fleishman lab was 

to combine TbL analysis with high-throughput deep mutational scanning (Fowler et al., 

2014). This approach enabled the rapid generation of thousands of randomized amino acid 

substitutions within a given TM domain, sequences which could then be characterised by 

antibiotic survival for their influence on transmembrane domain insertion, stability and self-

association (Elazar et al., 2016a). 
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One of the most significant findings of the data generated by deep-mutational TbL scanning 

of test TM sequences was that TM domain self-association and membrane stability are 

coupled far more strongly than was appreciated in previous studies on TM energetics (Senes 

et al., 2007, Ulmschneider et al., 2005, Schramm et al., 2012). Crucially, the improved 

understanding of the relationship between TM insertion and self-association was able to 

inform the constraints imposed upon single-pass transmembrane proteins within protein 

modelling software. These improved constraints subsequently assisted in the design of a 

novel modelling approach that proved capable of ab initio prediction two thirds of the 

native homo-oligomeric TM complex structures within the PDB to within a Root Mean 

Square Deviation (RMSD) of 2.5 Å accuracy (Weinstein et al., 2019). Building on these 

published findings, the Fleishman lab established a de novo protein design pipeline capable 

of generating thousands of de novo designed synthetic TM sequences that are predicted to 

form homo-oligomeric interfaces in a lipid membrane environment, termed programmed 

membrane proteins (proMPs). The collaboration between the Call and Fleishman labs aimed 

to generate and structurally validate a panel of oligomers ranging from monomeric to 

tetrameric TM sequences that could be used for integration into engineered receptors. 

 

The key features of the pipeline are as follows: from a starting point of poly-valine TM 

sequences, iterative rounds of symmetrical sequence mutagenesis are undertaken, guided 

by in silico protein modelling approaches in search of low energy oligomeric interfaces. 

Importantly, mutagenesis was biased to match the sequence of natural TM domains, a 

feature which proved key in improving the accuracy of the approach. This process generates 

numerous oligomeric TM models, of which the lowest energy models have their sequence 

subjected to ab initio structure prediction. At this stage, only sequences whose models 

converge with those generated by this independent ab initio structure prediction are 

progressed. To validate these structures in real cellular membranes, a saturating 

mutagenesis approach is used in which residues predicted to sit within the oligomeric 

interface are mutated to every other residue. This panel of mutants is then evaluated using 

the deep-sequencing TbL system to provide experimental validation of the designed helix 

interfaces.  
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Figure 3.1 Crystal structure of a de novo designed trimeric peptide. Crystal structure of 

proMP3.1 (grey) with blue residues indicating small residues involved in the close interchain 

packing of helices. This crystal structure aligned closely with a sequence model (green), once 

adjustments were made to the modelling approach within the proMP pipeline (PDB: 6W9Y). 

 

Using this initial design pipeline, a panel of homodimers was generated and validated for 

self-association and expression using the dsTbL assay. However, without experimentally 

determined structures of these sequences it was difficult to confirm the accuracy of the 

design pipeline. For this reason, a former PhD student within our lab, Dr. Raphael Trenker, 

undertook structural studies of peptide sequences that came out of an initial screen for 

homodimers. To this end, candidate TM sequences that were predicted to exhibit low 

energy dimeric structures were produced and purified from E. coli. From SDS-PAGE analysis 

a number of sequences appeared to be capable of forming SDS-stable dimeric complexes. 

Surprisingly, several candidates exhibited apparent molecular weights that were more 

consistent with trimeric or tetrameric complexes. These peptides were progressed to Lipidic 
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Cubic Phase (LCP) crystallisation screening, which uses a host medium that forms a 

continuous lipidic bilayer to provide a native-like environment for membrane proteins(Hofer 

et al., 2010, Landau and Rosenbusch, 1996). By using a membrane environment similar to 

that of a native membrane bilayer, lateral interactions between peptides are favoured, thus 

reducing the likelihood of non-native contacts driving crystal growth. A number of designs 

yielded crystal hits from these screens, with one in particular (referred to herein as 

proMP3.1) giving excellent X-ray diffraction that yielded a structure at 2.55 Å resolution 

(PDB: 6W9Y) (Fig 2.1). Interestingly, in this structure the TM peptide was indeed observed to 

form a trimeric interface correlating with the SDS-stable trimeric complex observed to form 

in SDS-PAGE analysis of the same peptide. Upon closer inspection, the trimeric interface 

present in this crystal structure was centred around the same residues predicted to be 

important for the modelled dimeric interface of the same peptide. This outcome was 

permitted in the in silico pipeline as in this round of design, only structures with C2 (dimeric) 

symmetry were considered. Additionally, the ToxR domain is not able to differentiate 

between homo-dimerization and higher oligomeric states. Indeed, when ab initio structure 

prediction of the peptide sequence in the C2, C3 and C4 symmetry (dimer, trimer and 

tetramer, respectively) was undertaken, the lowest energy C3 symmetric model matched 

that of the crystal structure to an RMSD of 2.3Å. Incorporating these findings, an additional 

design round involving modelling in C2, C3 and C4 symmetry was added to the final version 

of this design pipeline to help ensure future design campaigns could be more effectively 

targeted to a specific oligomeric state.  
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Figure 3.2. Outline of the collaborative proMP design pipeline. Briefly, computational 

design of proMP sequences was undertaken by collaborators, where low-energy oligomeric 

structures were validated in an E. coli TbL-TOXCAT self-association assay. The most strongly 

associating candidates were expressed and purified in our lab, analysed by SDS-PAGE. 

Promising candidates were prioritized for crystallization trials. 

 

My role in proMP design and validation: Using this improved pipeline (Fig 3.2), a new 

design round was initiated with the aim of generating monomeric, dimeric and trimeric 

proMP structures. Each of these oligomeric forms was successfully generated and validated 

for self-association and interface specificity in the dsTbL assay prior to being forwarded to 

our lab for structural investigation. For the purpose of expediting progression into 

functional CAR T cell studies, my priority was to identify and structurally validate a dimeric 

proMP sequence, as a trimeric structure had already been identified. Additionally, there was 

little need to determine the structure of a monomeric TM sequence as from dsTbL results 

these sequences appeared completely incapable of self-association. Hence, we chose five 

sequences from the screen for homodimeric interfaces that scored highest in terms of self-

association and expression in the dsTbL assay for further analysis (Fig 3.3). Interestingly, all 

five proMP dimer interfaces were predicted to contain small residues, such as glycine and 

alanine, facilitating the close packing of helical backbones. This recapitulated what is 

observed in natural TM dimers, where small-residue motifs such as the canonical GlyXXXGly 

glycophorin A motif are prevalent (where X is any hydrophobic amino acid) (Teese and 

Langosch, 2015). The key variable between the dimeric proMP models was the wide range 

of crossing angles observed, proMP2.5 in particular possessed an almost perpendicular 

crossing angle of 86 degrees, far greater than has been observed in the experimentally 

determined structure of any natural TM dimer to date. The importance of validating these 

models through experimental structure determination was paramount given the surprising 

results from our previous design round. To achieve this, I aimed to express and purify a 

selection of these designed TM domains in order for crystallization trials be undertaken. 
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Name Sequence 

proMP2.1 LLILVTIIFILFATVGTVAWLVL 

proMP2.2 LTVALILGIFLGTFIAFWVVYLL 

proMP2.3 LATLLYFLLIIAVFLAVTFLVWAL 

proMP2.4 LLFVTLWAAIIAAWIAIFLATVYS 

proMP2.5 VLLIVLLIIFYIFWGLVFTLLFTI 

Figure 3.3. De novo designed, dimeric proMP designs. Five candidate dimeric proMP 

sequences generated by collaborators for structural investigation. Peptide N- and C-termini 

indicated to left of structures. 

 

3.2 Results 

Production and purification of two predicted homodimeric TM peptides. 

Initially proMP2.1 and proMP2.2 were chosen for structural validation (Fig. 3.3). We 

hypothesized that their observed differences in C-terminal inter-helical distances would 

potentially provide an interesting functional comparison in CARs, given that in the case of 

receptors such as Growth Hormone Receptor (GHR), HER2 and CD3z dynamic regulation of 

TM structure and crossing angle are suggested influence receptor signalling state (Lee et al., 

2015, Brooks et al., 2014, Bocharov et al., 2008). Based on previous experience crystallising 

synthetic peptides within our lab, the TM flanking region of glycophorin A was appended to 

each of the synthetic TM sequences expressed (Fig 3.4B). These flanking sequences contain 

multiple charged residues with asymmetric charge distribution: negatively charged acidic 

residues at the N-terminus (Glu-Pro-Glu) and positively charged basic residues at the C-

terminus (Arg-Arg-Leu). These sequences theoretically present an opportunity for contacts 

between chains located laterally within the LCP bilayer as well as chains between vertically 

stacked LCP bilayers. These flanking regions had previously been compatible with the 
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crystallization proMP3.1 and did not appear to interfere with the predicted structure of the 

proMP3.1 sequence in the absence of these flanking regions. A cysteine residue was also 

appended to the C-terminal glycophorin A flanking region of proMP2.1 and proMP2.2 (as in 

all other proMP constructs) to enable covalent modification with fluorescent tags or other 

moieties that might aid in tracking or crystallisation (Fig 3.4A). However, in the case of both 

proMP2.1 and proMP2.2 these modifications were not required and therefore the cysteines 

were covalently protected with the thiol-reactive reagent S-methyl methanethiosulfonate to 

prevent inter-chain disulfide crosslinking. The expression of these peptides was facilitated 

by the inclusion of an N-terminal TrpLE fusion protein, a sequence that drives protein 

aggregation into inclusion bodies (Sharma et al., 2013, Miozzari and Yanofsky, 1978). TrpLE 

fusion proteins expressed in E. coli BL21(DE3) cultures were then solubilised, purified via 

nickel affinity purification and the desired peptides were liberated via cyanogen bromide 

(CNBr) hydrolysis of the peptide bond C-terminal to a methionine residue between the 

TrpLE and proMP sequences. 

 

 
 

Figure 3.4. proMP expression constructs A) Schematic diagram of construct design for 

expression of TM peptides in E. coli. trpLE domain drives protein aggregation into inclusion 

bodies. 9xHis tag sequence permits Nickel affinity purification. Unique Met residue required 

for subsequent cleavage of desired peptide. B) Protein sequence of two predicted dimeric TM 

peptides (Black), glycophorin A TM flanking regions included to aid crystallization (green). 

 

Both proMP2.1 and proMP2.2 expressed well in E. coli and were successfully cleaved using 

CNBr hydrolysis (Fig 3.5A) and purified by reverse-phase HPLC (Fig 3.5B). Purified peptides 

were then run on SDS-PAGE to assess protein purity and the presence of higher order 

complexes (Fig 3.5C). Peptides were run at increasing concentrations to assist in 
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visualisation given small TM peptides are characterised by poor Coomassie staining. Both 

proMP2.1 and 2.2 ran at an apparent molecular mass above 6kDa at low protein 

concentrations, despite actual masses of approximately 3.5kDa, a strong indication of stable 

dimer formation. With increasing amounts of peptide loaded both proMP2.1 and proMP2.2 

exhibited a slight increase in apparent molecular mass of this dimeric band, behaviour that 

was previously observed in the study the natural glycophorin A homodimer (Trenker et al., 

2015). Additionally, there was no evidence of peptide ‘laddering’, suggested that these 

sequences exist as a single, stable dimeric species. These results were a strong indication 

that proMP2.1/proMP2.2 were forming homodimeric structures as predicted, even in the 

context of the harshly denaturing conditions of boiling in solution with SDS. Hence, both 

peptides were progressed to crystal screening trials using LCP.  
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Figure 3.5. Expression and purification of proMP peptides. proMP2.1 and proMP2.2 were 

both expressed and purified using an identical process. Peptides were expressed in 

BL21(DE3) E. coli cells (A), with trpLE fusion protein driving protein accumulation in inclusion 

bodies. trpLE fusion proteins were extracted from inclusion bodies and isolated via nickel 

affinity purification. Following acid elution from the nickel affinity matrix, cleavage of the 
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trpLE fusion protein was achieved via treatment with cyanogen bromide (CNBr) mediated 

hydrolysis of a unique methionine at the C-terminus of trpLE (A). Post-cleavage protein 

mixture was dialyzed against H2O, precipitated and lyophilized, then dissolved in formic acid 

for purification via reversed phase-HPLC. B) C8-semiprep column was used, combined with a 

protocol involving a 4-column volume linear gradient, to purify proMP peptides from 

uncleaved TrpLE fusion protein and cleaved TrpLE. blue arrow: proMP peptide peak, Orange 

arrow: TrpLE cleavage product, Green arrow: TrpLE-Peptide fusion. C). Small samples were 

taken from peptide peak fractions (indicated by arrow in B) at the volumes indicated in C). 

Samples were lyophilized, dissolved in LDS-buffer and analysed via SDS-PAGE. 

 

Crystallization of two dimeric proMP sequences in Lipidic Cubic Phase (LCP) bilayers 

Lipidic cubic phase (LCP) is commonly used in the study of membrane protein structure 

(Landau and Rosenbusch, 1996). Instrumental in determining the first structures of G-

coupled-protein receptors (Cherezov et al., 2007), LCP crystallisation has recently 

demonstrated significant value in the study of smaller single-pass transmembrane protein 

assemblies (Trenker et al., 2015, Knoblich et al., 2015, Hofer et al., 2010). The technique is 

predicated on the ability of lipid/solvent mixtures to form networks of continuous lipidic 

bilayer when combined at an appropriate ratio. Proteins reconstituted into such lipidic 

bilayer networks are able to freely diffuse in the bilayer plane, which allows for protein to 

accumulate at sites of crystal nucleation. Both proMP2.1 and proMP2.2 were reconstituted 

into such a network, composed of a 3:2 mixture of the lipid monoolein and Tris buffered 

saline (TBS). Both samples were capable of successfully forming LCP (inferred from the 

transition of the protein/lipid/solvent mixture from an opaque to transparent appearance) 

and were subsequently dispensed into crystal screens. Of these two peptides the first to 

crystallize was proMP2.1, which did so in a number of conditions at day 2 (Fig 3.6A). The 

same crystal morphology was observed in all conditions and consisted of small bundles of 

needles that were broken into small shards and frozen for X-ray crystallography. 
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Figure 3.6. Production and crystallization of two predicted dimeric TM peptides. A) 

proMP2.1 crystallized in a condition composed of: 0.354M lithium chloride, 34.6% v/v 

polyethyleneglycol 400, 0.1M sodium HEPES pH 7.6. Crystals from this condition yielded a 

high-resolution crystal structure. B) proMP2.2 crystallized in two crystal forms. Only 

condition 2 yielded high resolution crystal diffraction. Condition 1: 4% v/v 2-methyl-2,4-

pentanediol, 0.1M lithium nitrate, 0.1M sodium chloride, 0.1M trisodium citrate-citric acid 

pH 5.6. Condition 2: 8% v/v 2-methyl-2,4-pentanediol, 0.1M ADA pH 6.7, 0.4M potassium 

nitrate, 0.1M tripotassium citrate. 

 

Crystal structure of a proMP2.1 in a non-dimeric form 

X-ray diffraction data from Crystals in Fig3.2A were collected on the MX2 beamiline at the 

Australian Synchrotron and extended to 1.7 Å resolution.  The structure was solved using a 

single helix from an LCP structure of glycophorin A in a monomeric form (PDB:5EH6, 

(Trenker et al., 2015)) as a search model for molecular replacement using Phaser. Analysis of 

crystal packing revealed type 1 crystal packing showing the peptide is embedded in the 

lipidic bilayer and these layers are stacked within the crystal. However, only one helix was 

present within the asymmetric unit, and upon closer inspection of the crystal packing the 

predicted dimeric interface was absent. Instead, helices appeared to associate in two 

planes, one via anti-parallel dimeric packing and the other via continuous front-to-back 

packing. While the buried surface area of this anti-parallel dimeric interface was comparable 
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to that of the predicted, parallel dimeric interface (346 Å2 vs. 327 Å2), the minimal 

interhelical distance observed was almost twice as large (5.9 Å vs. 3.4 Å). Additionally, the 

contacts observed between parallel helices within the crystal structure were even less 

significant (buried surface area of 223 Å2 and interhelical distance 6.3 Å). 

 

 
Figure 3.7 Crystal structure of proMP2.1 A) Diffraction from crystal to 1.7 Å. B) Crystal 

lattice, N- and C- terminus are colored blue and red respectively. Lipidic bilayer inferred from 

type-1 packing of peptide helices. C) Cartoon helices with side chains showing 

complementarity of anti-parallel (left) and parallel interfaces (right) within crystal lattice in 

2B.  
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Wavelength (Å)   0.9537 

Resolution range (Å)   24.98 - 1.74 (1.802  - 1.74) 

Space group    C 1 2 1 

Unit cell (Å)    59.502 10.124 50.815 90 122.914 90 

Total reflections   7266 (646) 

Unique reflections   2784 (254) 

Multiplicity    2.6 (2.5) 

Completeness (%)   96.12 (92.28) 

Mean I/sigma(I)   6.25 (1.23) 

Wilson B-factor (Å2)   23.09 

R-merge    0.07992 (0.5983) 

R-meas    0.1 (0.7519) 

R-pim     0.0592 (0.4497) 

CC1/2     0.995 (0.864) 

CC*     0.999 (0.963) 

Reflections used in refinement 2773 (251) 

Reflections used for R-free  286 (28) 

R-work     0.2416 (0.3645) 

R-free     0.2512 (0.3454) 

CC(work)    0.937 (0.691) 

CC(free)    0.906 (0.561) 

Number of non-hydrogen atoms 236 

Macromolecules   234 

Solvent    2 

Protein residues   29 

Table 3.1 Data collection and refinement statistics proMP2.1 
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A crystal seeding trial was then undertaken with the aim of nucleating different crystal 

forms in previously unsupportive crystallisation conditions. Micro-crystals were grown in a 

previously successful condition selected from the initial screen and then seeded into an 

alternative screen that had previously yielded no crystal hits. This approach yielded many 

more crystal hits, but each of these resembled the initial crystal form and yielded 

comparable structures. Given these outcomes, structural studies of proMP2.1 were not 

pursued further, in favour of focussing efforts on other proMP designs. 

 

Crystal structure of the de novo designed homodimeric peptide proMP2.2 

 

 
Figure 3.8 X-ray diffraction and crystal packing of proMP2.2 A) Diffraction from crystal to 

2.7Å. B) Crystal lattice, N- and C- terminus are coloured blue and red respectively. Lipidic 

bilayer inferred from type-1 packing of peptide helices. (PDB: 6W9Z). 
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proMP2.2 

Wavelength (Å)    0.9537 

Resolution range (Å)   39.74 - 2.7 (2.796  - 2.7) 

Space group    P 2 21 21 

Unit cell (Å)    44.1 56.205 91.637 90 90 90 

Total reflections   28994 (2828) 

Unique reflections   6647 (444) 

Multiplicity    4.4 (4.4) 

Completeness (%)   96.14 (68.62) 

Mean I/sigma(I)   13.15 (1.84) 

Wilson B-factor (Å2)   34.89 

R-merge    0.06678 (0.8244) 

R-meas    0.07598 (0.937) 

R-pim     0.0355 (0.4376) 

CC1/2     0.999 (0.634) 

CC*     1 (0.881) 

Reflections used in refinement 6409 (444) 

Reflections used for R-free  642 (45) 

R-work     0.2165 (0.2248) 

R-free     0.2839 (0.2451) 

CC(work)    0.917 (0.865) 

CC(free)    0.918 (0.721) 

Number of non-hydrogen atoms 1479 

Macromolecules   1427 

Ligands    50 

Solvent    2 

 

Table 3.2 Data collection and refinement statistics of proMP2.2 

 

ProMP2.2 was also progressed to LCP crystal screening and within 48 hours two different 

crystal forms appeared (Fig 3.6B), which were subsequently collected and frozen for X-ray 
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diffraction analysis. Small needle-like crystals, which appeared in several conditions, did not 

diffract. By contrast, flat, plate-like crystals which appeared in only a single condition 

resulted in diffraction to 2.7 Å (Fig 3.8A) with the symmetry of a primitive orthorhombic 

spacegroup. Once again, a single helix from the crystal structure of a monomeric form of 

glycophorin A (PDB:5EH6) was used for molecular replacement, yielding a solution in the 

space group P2-21-21 (PDB: 6W9Z). Within the asymmetric unit of this crystal there were 6 

alpha helices (Fig 3.8B) arranged laterally within discrete layers consistent with stacked 

lipidic bilayers. Upon closer inspection it was apparent that the hexamer forming the 

asymmetric unit was actually composed of a trimer of parallel, symmetric dimers (Fig 3.9A).  
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Figure 3.9 Analysis of proMP2.2 asymmetric unit. A) Representation of the asymmetric unit 

of proMP2.2 which consisted of 6 helices arranged as a trimeric arrangement of tightly 

packed dimers. B) Ca backbone alignment of three dimers from the asymmetric unit from A). 

RMSD of Ca backbone alignments of dimers in asymmetric unit (A) ranged from 0.16Å-

0.38Å. C) Close view of middle dimer from A). Purple residues correspond to small residues 

responsible for allowing close interhelical packing. (PDB: 6W9Z). 

 

Backbone Ca alignment of each of these three dimers with each other yielded RMSD values 

between 0.16-0.38 Å (Fig 3.9B), whilst each dimer from this asymmetric unit aligned to the 

proMP2.2 model with RMSD’s between 0.56-0.6 Å (middle dimer alignment shown in 

Fig3.10A). The dimeric interface was centred around a GXXXG motif resulting in close 

packing of the peptide backbones and a right-handed crossing angle of 57°C. Flanking this 

motif on either side within the interface were additional alanine residues, another small 
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amino acid which appeared to further assist in the close backbone packing within the 

interface (Fig 3.9C). Alignment of this structure with the structure of glycophorin A yielded 

an RMSD of 3.47 Å, although the structures aligned very tightly around their shared GxxxG 

motif (RMSD: 0.48 Å) (Fig 3.10). The close alignment of these GxxxG motifs was further 

confirmed by the extremely similar interchain distances measured between Ca atoms of the 

key glycines in the proMP2.2 and GpA interfaces (Fig 3.10C). 

 

By comparison, dimers packed with other dimers within the asymmetric unit did not display 

close packing of helical backbones but rather associated via nestled hydrophobic sidechains 

forming small complementary surfaces (Fig 3.9A). Within the crystal these contacts did not 

propagate past an assembly of three dimers, possibly because extension would cause a 

twist that cannot be accommodated in the membrane bilayer.  Because of this and the weak 

complementarity, we interpret these interactions between dimers within the asymmetric 

unit as a result of crystal packing and propose that they are unlikely to contribute 

significantly to higher-order complex formation in a biological membrane. Overall, these 

results highlight the improved ability of the proMP design pipeline to accurately encode TM 

structure when oligomeric state is explicitly accounted for. Furthermore, it underscores the 

utility of LCP crystallisation in tackling single-pass TM structure determination (Trenker et 

al., 2016). 
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Figure 3.10 De novo and native transmembrane dimers packing around a GxxxG motif. A) 

proMP2.2 crystal structure aligned with ab initio modelled structure of proMP2.2 sequence. 

B) C-a alignments of proMP2.2 crystal structure (PDB: 6W9Z) and Glycophorin A TMD (PDB: 

5EH4). RMSD of entire TMD alignment (left) was 3.47Å, RMSD of alignment of GxxxG motif 

residues (right) only was 0.48. C) Comparison of packing of promP2.2 and Glycophorin A 

GxxxG motif. Purple and pink residues correspond to glycine residues, with distance between 

Ca atoms of interface glycine residues depicted in angstroms. Sequence of proMP2.2 and 

glycophorin A listed below, with proMP2.2 interface small residues coloured 

purple/underlined and Glycophorin A GxxxG motif residues coloured pink/underlined. 
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Design and validation of a monomeric proMP sequence (proMP1) 

In addition to the collection of dimeric proMP designs generated, a monomeric sequence 

(proMP1) was also generated and experimentally validated by collaborators Fleishman and 

Elazar. This sequence (Fig 3.11A) was modelled and predicted not to form stable higher 

order complexes of C2, C3 or C4 symmetry. Testing in the dsTbL system confirmed that the 

sequence was highly expressed in bacterial cells, however displayed very minimal self-

association. It displayed a steep and dramatic reduction in self-association compared to the 

TM sequence of Human Sulfhydryl oxidase 2 (QSOX2), a control TM sequence exhibiting 

very weak dimeric self-association used as a point of comparison (Fig3.11B). 

 

 A)  B) 

 
 

Figure 3.11 Design of a model monomeric proMP sequence. A) proMP1, a de novo designed 

monomeric peptide with modelled structure displayed in pink. B) Performance of proMP1 vs. 

DSOX2 sequences in TOXCAT self-association assay. Y-axis corresponds to the ability of TM 

sequence to drive dimerization induced bacterial survival in the presence of increasing 

chloramphenicol concentration (x-axis). Data generated and figure provided by Prof. Sarel 

Fleishman and Assaf Elazar. 

 

3.3 Discussion 

The ability to probe the relationship between oligomeric state and CAR function was until 

now complicated by an inability to systematically control receptor oligomeric state without 

introducing confounding variables that come with repurposing natural protein sequences 

(Bridgeman et al., 2010). The proMP pipeline described here provided an elegant solution to 
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this problem, by generating stable TM domains capable of forming any desired oligomeric 

state. Previous efforts to de novo design TM oligomeric assemblies relied on either 

collections of hairpin folds (two antiparallel TM domains joined by a loop) inappropriate for 

inclusion into a type-I receptor (Lu et al., 2018), or modified native proteins (Mravic et al., 

2019) inherently limiting the scope of accessible structures due to the small number of 

experimentally determined natural TM structures. By comparison, the strength of the 

proMP pipeline is that it is driven by a deep empirical understanding of amino acid 

behaviour in the context of type-I receptors in a membrane environment (Elazar et al., 

2016a, Elazar et al., 2016b, Weinstein et al., 2019). The power of these empirical 

foundations is highlighted by the very close alignment of the crystal structures and 

predicted models of proMP3.1 and proMP2.2.  

 

The interfaces of both these structures were characterised by the use of small residues such 

as glycine and alanine, which permit close inter-helical packing. proMP2.2 was confirmed to 

pack around a GXXXG motif similar to that originally observed in Glycophorin A (Lemmon et 

al., 1992, MacKenzie et al., 1997) and since identified to play a role in the dimerization of 

many other natural TM dimers (Mueller et al., 2014). The GxxxG motif of proMP2.2 

enforced a crossing angle of 57°C, a value within the range of values observed of other TM 

domains dimerising via comparable right-hand crossing angles (Bugge et al., 2016). 

Interestingly, the trimeric interface of proMP3.1 was also characterized by close inter-helical 

packing of a small residue motif (GGxxGAxxA), a motif not previously identified in any 

known trimeric membrane proteins. In both the case of proMP2.2 and proMP3.1 residues 

other than those core small residues at the interface were observed to play important roles 

in structural stability. These findings agree with the observation that while small-residue 

motifs such as GxxxG are frequently found at dimer interfaces, the motif itself is not on its 

own sufficient for dimerization (Doura et al., 2004).  

 

Furthermore, in the case of proMP2.2 a Blast search query against the NCBI Uniprot human 

protein database (Altschul et al., 1990) (table 3.3) demonstrated that very few proteins of 

reasonable similarity exist, with only one protein (5-hydroxytryptamine receptor 1D) 

possessing both sequence identity over 50% and the putative GxxxG motif of proMP2.2. This 

supports the prediction that proMP sequences are unlikely to take part in promiscuous 
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interactions with native, small residue motif containing proteins, as the sequence flanking 

the GxxxG motif is unlikely to be identical. Additionally, 7 out of 8 of the similar protein 

sequences identified, including HTR1D, are GPCRs and it is unclear whether the packing of a 

single-pass transmembrane TM, such as a proMP, with a GPCR would be energetically 

favourable. Regardless, our experience with proMP3.1 provides evidence that adjustments 

to the design pipeline can be made that improve the selectivity the sequences generated if 

required. Further design rounds could feasibly be included to model proMP sequences 

against native TM sequences suspected of interacting with endogenous proteins, which in 

turn would permit rational design of mutations to disrupt such interactions. 

Entry Protein names Identity Coverage Sequence 

P28221 

5-hydroxytryptamine 
receptor 1D 
(HTR1D) (Homo sapiens) 

57.9% 82.6% ILGIILGAFIICWLPFFVV 

Q15391 

P2Y purinoceptor 
14 (Homo sapiens) 63.6% 47.8% FVAIFWIVFLL 

A5JUU3 

Purinergic receptor P2Y G-
protein coupled 14 transcript 
variant 2 (Homo sapiens) 

63.6% 47.8% FVAIFWIVFLL 

Q7RTP6 

[F-actin]-monooxygenase 
MICAL3 (Homo sapiens) 88.9% 39.1% LKVALILGI 

E9PP85 

[F-actin]-monooxygenase 
MICAL3 (Homo sapiens) 88.9% 39.1% LKVALILGI 

B4DJ91 

HCG21531, isoform 
CRA_b (Homo sapiens) 88.9% 39.1% LKVALILGI 

A0A5F9ZHV5 

F-actin 
monooxygenase (Homo 
sapiens) 

88.9% 39.1% LKVALILGI 

Q01629 

Interferon-induced 
transmembrane protein 
2 (Homo sapiens) 

87.5% 34.8% ALILGIFM 

Table 3.3 Results from Blast sequence query of proMP2.2. 

Interfaces were also observed between symmetrical proMP2.2 dimers within the 

crystallographic asymmetric unit which, in the context of the proMP2.2 crystal lattice, 

permitted close packing of 6-helices. These interactions were characterised by loose packing 

of complementary side-chain surfaces, however there was a lack of close interhelical 

packing of TM backbones. Interactions between TM backbone atoms, facilitated by close 

packing of TM helices are integral to TM homodimer structures, particularly in the case of 

TM sequences lacking polar residues capable of hydrogen bond formation (Bugge et al., 
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2016). For this reason, it is unlikely that the interactions observed between proMP2.2 

dimers in the asymmetric unit would be capable of driving inter-dimer complex formation in 

the context of native cellular environments characterised by low protein density relative to 

a crystallographic system. While this hypothesis is currently speculative, there is no inherent 

upper limit to the oligomeric state which proMP sequences can be modelled in silico. 

Therefore, the extension of this pipeline to account for pentameric and hexameric 

complexes could ensure that the designed proMP2.2 homodimeric interface is indeed 

energetically more favourable than that of any hexamer. 

 

Lessons learned from studies of proMP2.1 

proMP2.1 failed to crystallise in it’s predicted dimeric form, instead exhibiting a 

combination of anti-parallel dimeric packing and continuous, front-to-back parallel packing, 

characterised by weak surface complementarity and a relatively large distance between 

helical backbones. This finding doesn’t necessarily negate the ability of this sequence to 

form its predicted dimeric structure but suggests, at least in the context of a LCP bilayer, 

that it has a stronger propensity to crystallise via the alternative observed interfaces. The 

proMP design process in its current form does not account for anti-parallel interactions, 

because in a mammalian or bacterial cell context, parallel TM helix orientation in the 

membrane is encoded by peptide signal sequence. There may be utility for including a 

modelling step where chains are evaluated in an anti-parallel orientation, to assess the 

potential for undesirable packing arrangements. Information of this kind could help 

prioritise oligomeric sequences for structural studies according to their propensity to 

associate in a non-physiological, anti-parallel orientation. This would serve to increase the 

efficiency of future crystallisation efforts by focussing on sequences likely to form primarily 

parallel interfaces in screening conditions. Alternatively, the use of different crystallization 

techniques may assist in diversifying the crystal forms accessible for a given peptide. For 

example, crystallisation of highly hydrophobic TM peptides is possible from detergents 

(Mravic et al., 2019) and this may permit different crystal contacts capable of driving the 

formation of alternative crystal packing arrangements compatible with proMP dimer 

interfaces. Additionally, Nuclear magnetic resonance (NMR) represents an alternative 

technique capable of producing atomic level structures of small TM peptides (Trenker et al., 

2016, Call et al., 2006, MacKenzie et al., 1997). However, the significant cost and labour-
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intensity of NMR studies limits its utility in screening large numbers of proMP designs, which 

formed part of the initial rationale for using LCP crystallography. 

 

Continued structural studies of trimeric and tetrameric proMP designs. 

In addition to the proMP sequences described above, structural investigations of other 

proMP sequences have since been continued by others in the lab. Trimeric and tetrameric 

sequences modelled using the optimised proMP pipeline described above, were generated 

by Sarel and his team and purified within our lab. Two such sequences successfully yielded 

crystals, a trimeric design termed proMP3.2 and a tetrameric design termed proMP4.1 (Fig 

3.12). Crystals of proMP4.1 have produced low-resolution diffraction (currently at 4-5Å 

resolution limit) and work is currently ongoing to optimise crystal conditions to improve 

diffraction resolution (conducted by Julie Ngyuen and Melissa Call).  
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Figure 3.12 Crystal structure of the trimeric peptide proMP3.2. A) Crystal structure of 

proMP3.2 solved to a resolution of 3.5 Å. Red colour indicates alanine residues forming key 

trimeric helical interface. B) Alignment of proMP3.2 crystal structure with modelled 

structure, with one of the three helices (the helix in the front position in this figure) adopting 

an anti-parallel orientation. C) Coloured balls depict the close alignment of experimentally 

determined and modelled Cb carbons of putative interface alanine residues within the anti-

parallel helix. Peptide purification and crystallisation conducted by Julie Ngyuen, Crystal 

structure determination conducted by Julie Ngyuen and Melissa Call. (PDB: 6WA0). 

 

By comparison, structure-quality diffraction data were obtained for proMP3.2 (Fig 3.12A), 

using detergent solubilised protein after the failure to achieve crystallization using LCP 

crystallography (PDB: 6WA0). Interestingly, the structure derived from this crystal aligned 

very closely with the design model along two helices but with the third helix in an 

unexpected anti-parallel orientation (Fig 3.12B, C). This third chain nonetheless used the 

same predicted interface sequence but in reverse order, akin to a ‘structurally palindromic’ 

sequence, which was evident from the close alignment of Ca carbons between model and 

crystal structures (Fig 3.12C). This finding reaffirmed the need for consideration of helix 

orientation during proMP modelling to maximise biological relevance of experimental 

proMP structures, a consideration first highlighted by the non-productive crystallisation of 

proMP2.1. Alternatively, there may be protein engineering applications in which antiparallel 

helix arrangements are desirable and as such an improved methodology for adapting the 

proMP pipeline to accommodate membrane orientation requirements will be of significant 

utility. 
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Figure 3.13 Validated proMP designs thus far. Four proMP sequences have been 

successfully crystallized resulting in X-ray diffraction. proMP2.2, proMP3.1, proMP3.2 gave 

crystal structures while proMP4.1 at the time of writing is undergoing crystal optimization to 

improve the quality of X-ray diffraction. proMP1, a monomeric design, has been modelled, 

with TOXCAT assays confirming an absence of self-association. Coloured residues in each 

structure corresponds to small residues responsible for allowing close helix packing. 
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These structures presented an appropriate starting point for investigations into the role of 

oligomeric state in CAR T cell function and therefore proMP1, proMP2.2 and proMP3.1 were 

selected for inclusion into CAR constructs. These functional studies were initiated with the 

understanding that continued efforts within the lab to structurally validate additional 

proMP sequences would provide further opportunities to extend the proCAR approach to 

higher order oligomers and different packing geometries. 

  



 78 

Chapter 4 Generation and validation of novel oligomeric CARs on a 

HER2-directed background. 

4.1 Background and rationale  

With confidence in the structures of our dimeric and trimeric TM domains, we carefully 

considered an appropriate CAR background in which to test the effects of altering receptor 

oligomeric state. In selecting from the countless variety of published CAR designs, we 

assessed potential candidates according to two key criteria: clinical relevance, in terms of 

the antigen specificity and the similarity of CAR constructs to those currently in clinical use; 

and secondly technical convenience, referring to the availability of optimized CAR DNA 

sequences in addition to published validation of in vitro and in vivo experimental systems. 

Guided by these criteria, we decided a second-generation CAR framework would be most 

appropriate, a term referring to a CAR consisting of scFv-stalk-TM-costimulatory sequence-

CD3z tail. The specific 2nd generation construct we selected was composed of an scFv 

specific for the surface antigen HER2 (the well described FRP5 scFv clone (Harwerth et al., 

1992, Orlandi et al., 1989)), a human CD8a hinge, human CD28 TM and costimulatory 

domains and the human CD3z stimulatory tail. This construct, referred to below as the FRP5 

CAR, demonstrated several important technical advantages over other CARs (summarized in 

the following sections), while also presenting an opportunity to improve treatments for 

HER2+ solid tumours with notoriously poor prognoses. 

 

HER2: a clinically relevant CAR T cell target. 

HER2 is a surface receptor belonging to the epidermal growth factor receptor family, which 

works with other members of this receptor family to oppose apoptosis and enhance cell 

proliferation (Moasser, 2007). The dysregulation of HER2 signalling, via overexpression or 

constitutive activity due to gain of function mutations, is well described as a key oncogenic 

driver in a variety of cancer settings (Moasser, 2007, Iqbal and Iqbal, 2014). Crucially, HER2 

expression is almost universally associated with poor prognosis across numerous cancer 

settings (Yoon et al., 2012, Liu et al., 2010, Nakamura et al., 2005, Camilleri-Broet et al., 

2004, Slamon et al., 1987) and has therefore been the subject of intense research and 

pharmaceutical targeting. This intense research culminated in the development of the 

monoclonal antibody trastuzumab (Herceptin), currently approved for the treatment for 
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HER2+ breast and gastric cancer (Cardoso et al., 2020, Bang et al., 2010). Trastuzumab is 

believed to rely on a dual mechanism of action: firstly by binding HER2 (Fig 4.1) and blocking 

oncogenic signalling; and secondly, through the ability of the therapeutic antibody Fc 

domains to bind various host immune cells and initiate antibody-dependent cell-mediated 

cytotoxicity (ADCC) (Baselga et al., 2001). While trastuzumab is a highly successful frontline 

treatment against breast cancer, in the context of other HER2+ tumour settings such as lung 

and bladder cancer it has proved far less effective (Langer et al., 2004, Hussain et al., 2007).  

 

 
Figure 4.1 HER2 – A clinically significant therapeutic target. A) Crystal structure of HER2 

bound to the therapeutic anti-body Trastuzumab (grey) (PDB:1N8Z). Trastuzumab binds 

HER2 stalk region (pink), in contrast the therapeutic FRP5 scFV clone binds an 

uncharacterised epitope within the HER2 N-terminal region (green). B) Depiction of the 

domain architecture of the FRP5 CAR, with the native proteins from which CAR domains 

were derived listed alongside. 

 

Given the broad clinical relevance of HER2 expression it was one of the earliest antigens 

targeted by 1st generation CAR designs (Stancovski et al., 1993). The advent of improved 2nd 

generation CAR designs has since resulted in several HER2-directed CAR therapy trials 

targeting HER2+ cancers such as glioblastoma, gastric cancer and sarcoma (Liu et al., 2017). 

However, one of the key complexities in the development of HER2 targeted CAR T therapies 

is that HER2 is expressed widely through-out the body by a multitude of different tissues at 
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steady state. This presents the possibility of on-target, off-tumour toxicity, in which 

cytotoxicity is directed towards healthy cells expressing low levels of HER2 (relative to those 

of HER2 overexpressing tumours). For this reason, the ability to carefully control CAR T cell 

potency is especially crucial in ensuring both the efficacy and safety of treatment. This was 

dramatically highlighted in an early dose escalation trial in which a patient treated with anti-

HER2 CAR T cells for metastatic HER2+ colon cancer experienced severe toxicity due to 

recognition of HER2+ lung epithelial cells, unfortunately resulting in death (Morgan et al., 

2010). Accordingly, more recent phase I and II clinical trials have carefully optimized 

reduced T cell numbers to improve treatment safety. However, while isolated instances of 

long-lasting remission have been observed (Hegde et al., 2020), the bulk of HER2 directed 

CAR T cell dose escalation studies have resulted in ineffective, albeit largely toxicity-free 

therapies.  

 

For this reason, novel CAR engineering approaches targeting HER2 have been pursued in 

recent years, with the aim of optimizing CAR potency to maximize treatment efficacy while 

minimizing on-target, off-tumour toxicity. An elegant example of this was published by Liu 

et al (2015), in which a panel of scFvs with diverse affinities for HER2 were used to control 

the potency of a CAR composed of the CD8a stalk/TM, 4-1BB costimulatory domain and 

CD3z tail. Using an in vivo mouse model, they observed that CARs containing an scFv of 

intermediate affinity to HER2 induced potent killing of tumour cells expressing high levels of 

HER2 but did not respond to those expressing low levels of HER2 within the same mouse. By 

comparison, CARs containing a high affinity scFv killed both high and low HER2 expressing 

cells in the same mouse model. This provides clear evidence that off-tumour toxicity can be 

effectively balanced with anti-tumour efficacy through deliberate manipulation of CAR 

potency. Additionally, this presents a clear opportunity to use novel HER2 CAR ‘tools’, such 

as altered affinity scFvs, in combination with our de novo designed TM structures to expand 

the potency landscape of our approach (Fig 4.2).  
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Figure 4.2 The proCAR platform. Insertion of oligomeric proMP sequences into the FRP5 CAR 

construct is intended to dictate receptor oligomeric state. CARs containing proMP sequences 

are referred to herein as proCARs (programmed CARs). Numerical suffic indicates intended 

oligomeric state of proCAR. 

 

FRP5 CAR experimental system 

Importantly, each of the previously described studies utilised a subtly different combination 

of CAR domains; therefore, the CAR sequence used in our study required careful 

consideration. We selected a CAR sequence composed of the FRP5 anti-HER2 scFv clone in 

combination with a CD8a stalk, CD28 TM/costimulatory tail and CD3z tail, (herein termed 

the FRP5 CAR), as it presented several important technical advantages. The construct was 

the subject of extensive and well-documented optimization at the Peter MacCallum Cancer 

Centre (adjacent to WEHI in Melbourne), including the establishment of several 

experimental systems and target cell lines previously shown to be suitable for interrogation 

of FRP5 CAR T cell function in vitro and in vivo. Robust surface expression of this CAR has 

been achieved in primary mouse T cells and these CAR T cells have demonstrated potent 
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killing of human and mouse derived HER2+ target cells in vitro (Haynes et al., 2002). 

Furthermore, these primary FRP5 CAR T cells exhibit potent anti-tumour activity against 

both human and mouse derived HER2+ tumour cells in mouse models of lung, colon, and 

breast cancer (Haynes et al., 2003, Moeller et al., 2005, Haynes et al., 2002). These studies 

provided us with confidence that the FRP5 CAR design presented a validated experimental 

pathway from fundamental in vitro optimization through to pre-clinical in vivo mouse 

studies. 

 

Another important characteristic of this CAR construct is that its architecture aligns closely 

with constructs used in a number of phase I and II clinical trials internationally. A majority of 

HER2 targeted CAR T cell clinical trials, (reviewed in Liu, 2017) utilize the same FRP5 anti-

HER2 scFv clone linked via a CD28 TM to the CD28/CD3z tail. These studies have 

demonstrated that safety is attainable when T cell doses are carefully managed. The 

potential of the FRP5 CAR T cells was highlighted by recent isolated incidence of curative 

treatment of a patient with metastatic rhabdomyosarcoma (Hegde et al., 2020); however, 

the lack of obvious clinical benefit in the treatment of HER2+ glioblastoma (Ahmed et al., 

2017) highlights the urgent need for improvements to this therapy. Importantly, the 

similarity of these constructs to our chosen CAR backbone maximizes the clinical relevance 

of our study and paves the way for rapid inclusion of synthetic oligomeric TMs into these 

clinically relevant CARs. 

 

Experimental Aims 

The aim of my work presented in this chapter, in the context of the broader work of our 

collaborative team, was to evaluate the expression and function of FRP5 proCARs containing 

monomeric, dimeric and trimeric proMP TM sequences. Through the use of immortalised T 

cell lines these confirmatory experiments were deemed crucial to deciding which proCAR 

designs were suitable to be progressed into more expensive and labour-intensive primary 

CAR T cell experiments. 
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4.2 Results 

Design of receptor constructs 

While recent studies have underscored the functional influence of CAR stalk/TM sequence, 

scant evidence exists as to the molecular features of these domains responsible for their 

functional contributions. This is underscored by the fact that transmembrane domains 

commonly found in almost all current-generation CAR constructs are included as a legacy of 

historical stalk and/or costimulatory tail insertions (CD8a TM came with the stalk; CD28 TM 

came with the costimulatory domain). Therefore, we relied on careful consideration of 

protein biochemistry first principles when generating the sequence modifications necessary 

for generation of our proCAR panel. 

 
Figure 4.3 Design of the FRP5 proCAR panel. Domain architecture depicting components of 

the FRP5 CAR, with insertion site of proMP sequences displayed inset. The mutation of a 

cysteine residue (bold/underlined) within CD8a stalk sequence to alanine is depicted in red 

font. B) Analysis of CAR stalk and TM domain using the TMHMM transmembrane domain 

prediction server (located at - http://www.cbs.dtu.dk/services/TMHMM/) to characterise 

position of TM domain and guide selection of proMP insertion site. 
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Generation of a base CAR construct for proMP insertion 

Within the CD8a-derived stalk sequence of the FRP5 CAR we identified a cysteine residue 

known to facilitate covalent trapping of receptor dimers in the context of the native CD8a 

protein (Fig 4.3A). We reasoned that it would be preferential to mutate this cysteine to 

minimise the number of influences upon CAR oligomeric state. Therefore, this cysteine in 

the reference FRP5 CAR construct was mutated to an alanine and termed the cysteine 

mutant (Cys Mut). This Cys Mut construct was then compared to the reference CAR for its 

ability to express to the cell surface. Reference and Cys Mut receptor were cloned into the 

pLVX-TRE3G doxycycline-induced retroviral expression vector and transduced into the 

mouse BW5147 T cell thymoma line. These cells are deficient in the expression of several 

key T cell surface receptors such as CD4, CD8, CD3ζ and TCRαβ, whilst they do express other 

key T cell regulatory proteins such as CD28 and CD45 (White et al., 2020).  Hence, this cell 

line was considered a simplified system in which basic biochemical characteristics of the 

proCAR panel could be interrogated and optimised prior to progressing into more 

physiologically relevant primary T cells with a full complement of T cell surface receptors. 

CAR expression was controlled by supplementation or removal of doxycycline from cell 

culture medium, allowing receptor surface trafficking to and downregulation from the 

surface, respectively, to be quantified. Expression level was comparable between reference 

and Cys Mut constructs according to surface staining and flow cytometry analysis, as was 

the rate of receptor trafficking to and from the cell surface (Fig 4.4A). Additionally, western 

blot analysis confirmed that mutation of the CD8a stalk cysteine was sufficient to prevent 

the formation of higher order covalent CAR species (Fig 4.4B). Given its robust comparable 

expression to Reference and its inability to form covalent higher order oligomers, Cys Mut 

became the base construct into which proMP sequences were inserted. 
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Figure 4.4 Characterisation of FRP5 CAR stalk cysteine mutant. (A) FRP5 reference or stalk 

cysteine mutant (Cys Mut) CARs were expressed using a doxycycline (Dox) inducible 

retroviral expression vector in BW5147 cells. Top – surface expression measured after 

treatment with dox. Bottom – Surface expression following removal of cells from dox-

containing media. Surface expression measured by anti-myc saining and flow cytometry. 

Plots are representative of N=2 independent experiments. B) The same cell lines described in 

A) were treated with dox for 48 hours, then stained with a polyclonal anti-IgG capable of 

binding the FRP5 scFv. Antibody bound CAR complexes were immunoprecipitated following 

cell lysis and analysed by SDS-PAGE and western blotting. 2x107 cells used as input, split in 

half between reduced and non-reduced samples.  Theoretical molecular weight (MW) of 

FRP5 CAR is ~57kDa. N=1 independent experiment.  

 

Construction and expression testing of FRP5 proCARs 

The FRP5 CAR TM domain and flanking regions were analysed via the TMHMM 

transmembrane helix predictor (Fig 4.3B) and it was decided that the most appropriate TM 

insertion was between two tryptophan residues at either end of the CD28 TM domain (Fig 

4.3A). Aromatic residues are frequently found at the aqueous-membrane interface and play 

an important role in anchoring the protein in the membrane by forming cation-pi 
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interactions with lipid head groups (Petersen et al., 2005). Hence, we reasoned that 

preserving these tryptophan residues would promote membrane stability and expression 

regardless of the TM sequence inserted. This 23-residue portion of the receptor was 

therefore replaced by the sequences of proMP1, proMP2.2, proMP3.1 to generate the 

proCAR1, proCAR2 and proCAR3 constructs, respectively, with the number suffix referring to 

the target oligomeric state (Fig 4.3A). These proCAR constructs were cloned into the 

pMSCV-IRES-mCherry retroviral expression and transduced alongside reference and Cys Mut 

constructs into a variant of the BW5147 T cell line expressing a GFP reporter containing 

NFkB-responsive promoter elements. This permitted easy measurement of T cell 

downstream signalling via flow cytometry analysis in subsequent experiments. Cell surface 

staining using an anti-Myc antibody was analysed via flow cytometry, confirming the 

successful expression of proCAR1, 2 and 3 (Fig 4.5B-D). Although proCARs generally 

exhibited lower levels of surface expression compared to both Reference and Cys Mut CARs, 

these differences were not statistically significant. CAR expression was also evaluated using 

the human Jurkat T cell line. Confirming expression in human T cells was particularly 

important given the ultimate aim of translating promising findings in mouse models into a 

clinical human T cell setting. Surface staining and flow cytometry confirmed the expression 

of proCAR designs at levels comparable to Reference and Cys Mut CARs (Fig 4.5E). Subtle 

differences in relative proCAR expression in Jurkat T cells compared to BW5147 T cells were 

observed, such as a reduction in proCAR2 expression, compared to enhanced proCAR1 and 

proCAR3 expression relative to both reference and Cys mut.  
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Figure 4.5. Surface expression of FRP5 proCAR panel in mouse and human cell lines. At day 

10 after retroviral transduction cells were stained with anti-Myc antibody and analysed via 

flow cytometry. A) The gating strategy used to select live cells (top) and mCherry positive 

cells indicating successful transduction of the pMSCV-IRES-mCherry vector (bottom). B) 

Representative example of successful expression of proCAR panel in BW5147 mouse T cell 

line with C) corresponding histogram overlay of CAR staining with anti-Myc. D) 

Quantification of CAR surface expression via Myc staining and flowcytometry. Calculated as 

% of Reference CAR, mean +/- SEM, N=3 experiments. E) Histogram overlay of CAR 

expression in the human Jurkat E6.1 T cell line. CARs were expressed using a variant of 

pMSCV expression vector lacking IRES-mCherry, hence Myc histogram overlay derives solely 

from live cell gate. Representative of N=2 independent experiments. 

 

An immunoprecipitation (IP)-western blot analysis was then undertaken using the BW5147 

CAR T cell lines described above to confirm that the CARs expressed to the cell surface were 

the correct size and that the stalk cysteine mutation was successfully ablating covalent 

dimerization. A surface capture approach was used, where cells were pre-coated with anti-
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IgG antibody capable of binding the CAR scFv domain, allowing antibody-bound receptors to 

be immunoprecipitated and analysed via non-reducing SDS-PAGE and western blot. From 

these data it was evident that the mutation of the CD8a stalk cysteine to alanine in Cys Mut 

and proCAR constructs resulted in the complete loss of covalent higher order species, 

running at the expected monomeric molecular mass of approximately 55kDa (Fig 4.6B). This 

result was expected, as SDS-PAGE will be particularly disruptive to the extracellular domains 

of full length proCAR constructs and this is likely to impact any TM domain interactions that 

were seen when isolated proMPs were assessed by SDS-PAGE. It was also observed that all 

CAR designs ran as doublets, whereas proCAR designs exhibited an additional doublet 

running at a molecular weight slightly lower than that expected of a proCAR monomer (Fig 

4.6B). We hypothesized that this lower weight band might be the result of a protein 

cleavage event close to either the N- or C- terminus of the receptor, given the small 

difference in molecular weight observed. Blotting with an antibody targeting an epitope at 

the N-terminus of the CD3z sequence in the CAR tail (Fig 4.6C), also yielded the same lower 

molecular weight bands. The equivalence of results yielded by extra- and intra-cellular 

epitope blotting provided confidence that cleavage was not taking place within the proMP 

sequence itself; however, I could not exclude the possibility of cleavage events closer to the 

C-terminus of the CD3z tail or at the scFv N-terminus. proCAR2 demonstrated the lowest 

proportion of this lower molecular weight doublet, suggesting that this phenomenon was 

TM sequence specific. 
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Figure 4.6 FRP5 proCAR protein analysis. A) Flowchart depicting surface capture IP 

approach used for analysis of surface expressed fraction of cellular FRP5 CAR. Polyclonal 

anti-IgG binds constant region of scFv domains. B) Western blot analysis of FRP5 proCAR 

panel following surface capture IP and SDS-PAGE. 107 cells used as input per construct. 

Representative of N=2 independent experiments. C) FRP5 domain architecture with position 

of relevant antibody binding epitopes. Theoretical MW of FRP5 CARs = 57kDa. 

 

Determination of proCAR oligomeric state using biochemical methods 

Given the successful expression of the proCAR monomer, dimer and trimer panel we sought 

to confirm that the TM sequences within the proCAR designs were driving formation of their 

predicted oligomeric species. While the entirety of the data generated from molecular 

modelling, bacterial self-association TOXCAT assays and crystal structures gave us 

confidence in the strength of the oligomeric TM interfaces, I also wished to confirm these 

findings in the context of a mammalian membrane environment. The determination of 

receptor oligomeric state in mammalian membranes is a notoriously difficult technical 
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challenge, and therefore ultimately two orthogonal experimental approaches were required 

for us to provide confidence in the oligomeric state of the proCAR panel. 

 

One of the first experimental approaches undertaken utilized an in vitro translation (IVT) 

expression system designed to trap higher order protein species, an approach previously 

used within our lab to interrogate oligomerization of the DAP12 transmembrane immune 

receptor (Knoblich et al., 2015). Briefly, radio-labelled protein is translated in reticulocyte 

lysate and in the presence of mammalian endoplasmic reticulum membranes (Fig 4.7A).  

Incorporated protein is then oxidized in order to promote disulfide crosslinking of 

oligomeric, cysteine-containing proteins. To enable crosslinking of CAR oligomers scFv and 

stalk regions were replaced with the stalk region of the immune receptor DAP12, which 

possesses 2 cysteine residues. In previous studies conducted by our lab, it was 

demonstrated that this stalk sequence was capable of forming inter-chain disulfide bonds 

that resulted in the covalent trapping of dimeric, trimeric and tetrameric species of DAP12 

(Fig 4.7B) (Knoblich et al., 2015). Constructs were therefore generated to encode DAP12 

stalk-variable TMD-CD28 costimulatory tail-CD3z tail and termed ‘DAP12 fusions’ (Fig 4.7C), 

with the aim of covalently trapping specific any oligomeric species formed. In addition to 

generating DAP12 fusions of the proCAR panel and FRP5 reference construct (possessing the 

CD28 TM domain) several control constructs were designed (Fig 4.7D). A DAP12 fusion 

possessing the TM domain composed of 23 valine residues (poly-valine, PolyVal) was 

included as a monomeric control, as valine residues are energetically favourable within lipid 

bilayers but the featureless all-valine helices are not expected to take part in inter-chain 

interactions (Hessa et al., 2005). The TM domain of the red blood cell surface glycoprotein 

glycophorin A (GpA) was also included as a dimeric control due to its well described 

propensity to drive homo-dimerization (MacKenzie et al., 1997, Doura and Fleming, 2004). 

Each of these domains are well-studied within the receptor biology field and therefore 

constituted appropriate benchmarks against which to compare the capacity of our proMP 

sequences to adopt their respective oligomeric species. 
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Figure 4.7. Analysis of receptor oligomeric state in mammalian membrane using In vitro 

translation (IVT). A) Depiction of IVT reaction components. ER microsomes are derived from 

mammalian plasma-cell lines. B) Previously published data depicting the ability of IVT 

approach to covalently trap and visualise higher order oligomeric receptor species. Data 

adapted from Knoblich et. al., (2015). C) Domain architecture and D) sequence alignment of 

DAP12 fusion constructs used in Figure 4.8. 

 

While theoretically this assay was capable of trapping and visualizing oligomeric species of a 

higher order than dimers, we encountered technical challenges that prevented confident 

quantification of trimeric species. DAP12 samples demonstrated a notable reduction in its 

ability to trimerize compared to previously published work (Fig 4.7B). Additionally, higher 

molecular weight bands observed in figure 4.8A appeared to be slightly too large to account 

for the expected 72kDa and 96kDa bands expected of a trimeric and tetrameric DAP12-

fusion complex respectively, and these bands were also faintly visible in the lane 

corresponding to DAP12. Hence, given we couldn’t be absolutely confident in the identity of 

these bands we decided this assay was not appropriate for robust quantification of the 

presence of trimeric species.  
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By comparison, unambiguous bands of an appropriate molecular weight corresponding to 

monomeric and dimeric species (Fig 4.8A) were present and I therefore undertook 

quantitative measurement of the dimer:monomer (D:M) ratio (Fig 4.8B). As expected, the 

predicted monomeric poly-Valine and proCAR1 DAP12 fusions exhibited the lowest D:M 

ratio, indicating that these TM domains demonstrated the weakest propensity to self-

associate. However, this ratio was not zero, which indicated a small degree of dimerization, 

possibly attributable to stochastic interactions trapped by irreversible disulfide formation. 

By comparison the GpA TM domain demonstrated approximately double the degree of 

dimerization, aligning with the extensive literature reports of its ability to homo-dimerize. 

Impressively, the proMP2.2 DAP12-fusion demonstrated enhanced propensity to 

homodimerize compared to GpA, re-affirming the ability of our optimized TM design 

pipeline to generate structures capable of surpassing native TM domain affinity. It was also 

observed that the CD28 TM domain exhibited a propensity to dimerise similar to that of 

GpA (albeit with a high degree of variation), in support of the recent identification of a 

conserved CD28 TM homo-dimerization motif (Leddon et al., 2020). These findings 

demonstrated the reliability of the proMP1 and proMP2.2 sequences in forming their 

expected oligomeric states in a mammalian membrane, extending upon data generated by 

our collaborators in bacterial TOXCAT system. However, given we were unable to 

confidently quantitate the formation of trimeric complexes, alternative approaches were 

considered to provide insight into the oligomeric state of proMP3. Furthermore, in the 

interest of physiological relevance it was desirable to further validate the oligomeric state of 

proMP1 and proMP2.2 in the context of full-length receptors and in live cell membrane. 

 



 93 

 
Figure 4.8 Interrogating proMP oligomerisation using IVT. Constructs detailed in figure 4.7 

were expressed using an IVT system. Protein translated into mammalian ER membranes was 

oxidised to enable interchain cysteine disulfide crosslinking. Reactions were dissolved in LDS 

containing buffer and run via SDS-PAGE. A) Representative data depicting DAP12 fusion 

constructs produced using IVT. Full-length native human DAP12 receptor was included as a 

control to confirm assay reliability. B) Quantification of ratio between monomers and dimers 

for each of the TM domains listed. N=3, error bars = mean +/- SEM.  

 

Quantitative fluorescence imaging– determining receptor oligomeric state in live cells 

Several microscopy approaches have been utilized to measure the oligomeric state of 

receptors expressed in mammalian cells and these offered an opportunity to validate the 

oligomeric state of our proCAR panel expressed in T cells. A relatively simple approach 

known as number and brightness (N&B) analysis is particularly well suited to answering our 

question (Nolan et al., 2018). This approach relies on the assumption that increases in 

oligomeric state of fluorescently labelled protein species correspond with increased 

variation in the measured fluorescence intensity of a given pixel over time (summarized in 

figure 4.9). In simple terms: the diffusion of a trimeric fluorescent protein in and out of a 

pixel will result in an increase and decrease in the measured fluorescence intensity of that 

pixel by a factor of 3. By comparison, a monomeric protein will give rise to a relative 

increase and decrease in the fluorescence intensity by a factor of 1 as it diffuses in and out 

of a pixel. This relationship is summarised by the formula: Brightness (B) = fluorescence 
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variance/fluorescence intensity. A key consideration of this technique is that it does not 

determine absolute oligomeric state, but rather relies on the comparison of B-values 

benchmarked against a known monomeric standard. One of the key benefits of this 

approach was that theoretically brightness could be calculated regardless of the 

fluorescence intensity of a target cell line, therefore enabling the analysis of cell lines 

expressing physiologically relevant surface expression levels.  

 

 

 
Figure 4.9. Measuring protein oligomeric state using quantitative fluorescence 

microscopy. A) Diagram depicting the theoretical basis of number and brightness (N&B) 

analysis, a form of quantitative fluorescence microscopy. Briefly, N&B analysis correlates 

the relationship between fluorescence intensity and variance on a pixel-by-pixel basis. 

Increases in receptor oligomeric state of a fluorescently tagged protein results in increases in 

fluorescence variance. Eg. as a trimeric protein diffuses in or out of a pixel the 

corresponding fluorescence intensity of that pixel increases of decreases by 3 relative units. 

By comparison, the diffusion of a monomeric receptor in or out of a pixel will result in an 

increase or decrease in fluorescence intensity of that pixel by a relative unit of 1. B) This 

characteristic is quantified by calculating fluorescence variance over time as a ratio of 

fluorescence intensity, on a pixel-by-pixel basis. This calculation gives rise to a relative, 

aggregate measure of protein oligomeric state. 

 

The proCAR designs were re-cloned to include a monomeric eGFP variant fusion c-terminal 

to the CD3z tail (Fig 4.10A) and retrovirally transduced into the BW5147 cell line for 
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analysis. These receptors were successfully expressed and demonstrated comparable levels 

of surface expression (Fig 4.10B). Given the ability to of N&B to make relative comparisons 

of oligomeric state the proCAR panel was imaged and analysed, with the aim of estimating 

the oligomeric state relative to proCAR1. Cell lines were imaged using TIRF microscopy, an 

approach which excites fluorophores a short distance away from the coverslip, enabling 

specific visualization of proteins at the plasma membrane. Cells were cultured in tissue-

culture treated chamber slides (Ibidi) which permitted live cell imaging. Short videos of 

individual cells were captured and subsequently analysed using the simFCS N&B analysis 

tool, with B-values normalised to represent average oligomeric state on a per-cell basis, 

relative to proCAR1. In an idealised scenario a B-value of 1, 2 and 3 would be expected for 

proCAR1, 2 and 3, respectively. Experimental data confirmed that the expected positive 

correlation between intended oligomeric state of proCARs 1-3 and B-value was observed 

(Fig 4.10C). Both proCAR2 and proCAR3 exhibited lower B-values than expected of an 

idealised scenario (1.3 and 2.8 vs. 2 and 3 respectively). It was not possible to differentiate 

between a lesser propensity of proCAR2,3 to form their target oligomers or a slight 

propensity for proCAR1 to form higher order oligomers, both of which would yield the 

results observed. These data, in combination with the results of prior IVT-dimerization 

experiments, gave us confidence that the expected positive correlation between desired 

and experimentally determined oligomeric states of proCARs1-3. Further experiments using 

orthogonal experimental approaches would be useful in confirming absolute measurements 

of the distribution of oligomeric species between the proCAR designs (discussed in chapter 4 

discussion below), however the data generated are generally consistent with predicted 

proMP oligomeric state. For this reason, I deemed it appropriate to progress this panel of 

proCAR designs forwards for functional testing. 
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Figure 4.10 Investigating proCAR oligomeric state using numbers and brightness analysis. 

A) Domain architecture of CAR-GFP fusion construct. B) Expression of proCAR-GFP fusion 

CARs in the BW5147 cell line. CAR expression determined using anti-Myc surface staining, 

correlated with eGFP expression and pMSCV IRES-mCherry. With Myc staining presented as 

histograms in C). D) representative images of BW5147 proCAR-GFP fusion T cells imaged 

using TIRF microscopy. E) B-values measured from at least 20 cells for each cell line. Error 

bars = mean +/- SEM. 

 

Preliminary assessment of proCAR signalling ability in vitro 

To assess the ability of the proCAR panel to initiate signalling in response to antigen I 

designed a co-culture assay, making use of the aforementioned NFkB GFP-reporter element 
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present within the BW5147 cell line. These cells could be incubated on target cells 

expressing HER2 and GFP tracked to report on NFκB and stained for CD69, an early 

activation marker of T cells (Fig 4.11).  

 

 
Figure 4.11. Quantifying T cell signalling using a BW5147 T cell reporter assay. A) 

flowchart detailing the use of a BW5147 cell line expressing an GFP NFkB transcription factor 

reporter cell line. B) Flow cytometry gating strategy used to gate for live, mCherry+ cells and 

subsequently quantify expression of the activation marker CD69 and the expression of GFP, 

corresponding to activation of NFkB. Representative example presented is BW5147 

Reference FRP5 CAR T cells co-cultured for 6 hours with HER2+ SKBR3 target cells (blue) or in 

the absence of target cells (red). 

 

Initially reference, Cys Mut and proCAR-expressing cells were compared for their signalling 

in response to co-culture with the SKBR3 human breast cancer cell line, which expresses 

high levels of HER2 (See figure 4.13A), and all receptors exhibited comparable kinetics and 

magnitude of both NFkB activation and CD69 expression (Fig 4.12). Additionally, the 

absence of NFkB activation and CD69 expression on cells at a steady state (0hr timepoint, 

cells analysed without exposure to target cell lines) demonstrated that signalling was 

antigen-dependent and the “No CAR” control demonstrated that signalling was strictly CAR-

dependent. Given these results demonstrated that the proCAR designs were signalling 
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competent, we decided to assess the potency of the proCAR panel in response to tumour 

cell lines expressing low and intermediate HER2 surface expression. 

 

 
Figure 4.12. Analysis of proCAR signalling capacity in vitro. BW5147 T cells were transduced 

with CAR constructs, once CAR expression stabilised CAR T cells were co-cultured with HER2+ 

target cell lines for up to 6 hours. At completion CD69 surface expression and NFkB 

activation was measured via flow cytometry using the approach detailed in figure 4.10. NFkB 

activation and CD69 upregulation in response to SKBR3 target cells. N=3, mean +/- SEM. 

 

The cell lines selected (listed in figure 4.13) exhibited HER2 surface expression levels ranging 

from 2-fold to 20-fold lower than the SKBR3 cell line. We hypothesized that at lower ligand 

expression levels, differences in ligand sensitivity between proCAR designs may become 

apparent. Four additional cell lines were acquired which demonstrated a range of different 

HER2 expression levels: the human breast cancer MCF7 and MDA-MB-231 human cell lines 

as well a MC57 mouse fibrosarcoma cell line ectopically expressing human HER2 (MC57-

HER2) and parental MC57 cells with no expression of human HER2. Each of these cell lines 

expressed lower levels of HER2 compared to the SKBR3 cell line.  
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Figure 4.13 FRP5 proCAR response to cell lines with varied HER2 expression. BW5147 

CAR T cells were co-cultured with target cell lines with a range of HER2 expression levels 

for 6 hours to assess T cell signalling capacity. A) Flow cytometry analysis of target cell lines 

stained for HER2. B) NFκB activation and C) CD69 stimulation following 6-hour co-culture 

with relevant target cell line. Mean +/- SEM, * = p<0.05, **=p<0.001, one-way ANOVA.  

 

I observed that the magnitude of signalling response did not directly correlate with HER2 

expression levels in all cases (Fig 4.13 B, C), MCF7 cells for example gave rise to the greatest 

magnitude in NFκB and CD69 signalling despite expressing lower levels of HER2 than MC57-
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HER2 cells. The cell line expressing the lowest level of HER2, the MDA-MB-231 cell line, did 

however give rise to the lowest degree of T cell activation as expected. I observed a trend 

across all target cell lines tested that Cys Mut and proCAR T cells demonstrated a 

comparable reduction in the magnitude of NFκB activation and CD69 upregulation to low 

and intermediate HER2 expressing target cells. However, this difference only reached 

statistical significance in response to the MCF7 target cell line. Additionally, the lack of T cell 

activation in response to the MC57-parental cell line, which doesn’t not express human 

HER2, again confirmed the antigen specificity of these CAR T cells. 

 

These data indicated that all proCAR designs were capable of initiating T cell signalling and 

activation in response to target cell lines expressing a wide range of ligand expression levels 

and with similar kinetics and magnitude compared to Reference and/or Cys Mut controls in 

most cases. These findings justified progression into primary mouse T cell functional assays, 

which allowed the measurement of biologically relevant T cell functions such as target cell 

cytotoxicity and cytokine release, functions that tumour cell lines (such as the bW5147 cell 

line) are unable to recapitulate. 

 

proCAR constructs maintain robust tumour cell killing while attenuating cytokine release 

Reference, Cys Mut and proCAR constructs were expressed in mouse primary CD8+ T cells 

and demonstrated comparable surface expression levels as had been observed in mouse 

and human tumour T cell lines previously. Primary CD8 CAR T cells were activated and 

expanded for use in two alternative in vitro functional assays. One of these assays was a 

cytotoxicity assay, in which primary CAR T cells were co-cultured for 4 hours with target cells 

and assessed for their ability to kill (Fig 4.14A). Killing was quantified by loading target cells 

with radioactive chromium prior to co-incubation with CAR T cells, with cytotoxicity 

quantified as the amount of chromium liberated into cell culture medium at a 4-hour 

timepoint. By comparison, a cytokine release assay involved co-culture with target cells for 

24 hours, at which point media is collected and analysed via cytokine detection cytometric 

bead array (CBA) assay (Fig 4.15A). For both assays MC57-parental and MC57-HER2 cells 

were used, allowing quantification of both ligand independent and dependent functionality, 

respectively. It should be noted that all primary T cell experiments discussed under this sub-
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heading were conducted by Dr. Ashleigh Davey using the CAR constructs I designed and 

produced. 

 
Figure 4.14. FRP5 proCARs can enhance primary T cell cytotoxicity. A) Cytotoxicity assay 

involved target cells incubated with radioactive 51Chromium co-cultured for 4 hours with 

primary CAR T cells. Target cell killing by CAR T cells results in liberation of 51Chromium into 

cell media. Quantification of 51Chromium in cell media is interpreted as proportionate to 

target cell killing. B) Representative examples of chromium cell killing experiment. Increasing 

ratio of T cell to target cells (depicted on x-axis) results in an increase in proportion of target 

cells killed. HER2 negative MC57 parental cells shown on left, HER2 positive MC57 cells on 

right. C) Maximum cell killing extracted from the 20:1 E:T ratio, compiled from 3 

independent experiments, error bars = +/- SEM, * = p<0.05, one-way ANOVA. Experiments 

conducted by Dr. Ashleigh Davey. 
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Reference, Cys Mut and proCAR1 all demonstrated comparable killing ability, while proCAR2 

and proCAR3 exhibited a 25-30% improvement upon the cytotoxicity (Fig 4.14). A 

statistically significant difference between Reference and proCAR2 was of particular note, 

given both receptors are expected to exist as dimeric complexes at the cell surface. CAR T 

cells demonstrated negligible killing of MC57-parental target cells (Fig 4.14B), whereas T 

cells transduced with empty vector were unable to kill MC57-HER2 targets (Fig 4.14B), again 

demonstrating CAR- and antigen-specificity of all receptor designs. Additionally, cytokine 

release assays demonstrated these same cells exhibited strongly attenuated release of IL-2, 

IFNg, TNFa and GM-CSF in response to MC57-HER2 targets (Fig 4.15B). By comparison, anti-

CD3/anti-CD28 stimulation yielded comparable levels of cytokine release across all 

constructs, highlighting that the attenuated cytokine release was intrinsic to proCAR 

stimulation. Furthermore, subtle differences in proCAR surface expression amongst 

different constructs and individual preparations were not correlated significantly with T cell 

cytokine secretion (Fig 4.15C). 
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Figure 4.15 FRP5 proCARs attenuate primary T cell cytokine release. A) Depiction of CBA 

cytokine release assay conducted over 24 hours. B) FRP5 CAR cytokine release in response to 

either HER2+ target cell co-culture or TCR stimulation via CD3/CD28 crosslinking. N=5, mean 

+/- SEM. P-values listed, one-way ANOVA. C) Correlation plots of proCAR cytokine secretion 

and surface expression, both calculated relative to Reference CAR. N=7 independent 

experiments. Experiments conducted by Ashleigh Davey with assistance from Nicholas 

Chandler. 
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In vivo anti-tumour activity of proCAR T cells positively correlates with oligomeric state 

To test the anti-tumour efficacy of proCAR T cells in vivo, a tumour mouse model previously 

optimised by other research groups in the assessment of FRP5 CAR anti-tumour efficacy 

(Slaney et al., 2017, von Scheidt et al., 2019) was established in our lab. This model involved 

subcutaneous injection of human, HER2+ MC38 colon adenocarcinoma tumour cells in Non-

obese diabetic, Severe Combined Immune deficient, IL-2Rg chain deficient mice (NOD-SCID-

Gamma, NSG). NSG mice are immunodeficient, lacking B and T cell compartments, which 

enables human tumour cell lines such as MC38 to avoid rejection by the mouse host 

immune system. The establishment of this mouse model and all in vivo assays described 

below were conducted primarily by Dr. Ashleigh Davey, while I provided assistance in the 

harvesting and processing of tumours at ethical endpoint. 

 

proCAR1,2,3 and FRP5 reference CAR T cells and vector-only T cells were produced using an 

identical protocol to that used for the production of CAR T cells for in vitro activity assays in 

Fig 4.14 and Fig 4.15. These T cells were stained and analysed via flow cytometry to confirm 

CAR expression prior to administration (Fig 4.16A). On day 1, 1x107 proCAR1,2,3 and FRP5 

reference CAR T cells and vector-only T cells were injected intra-venously into NSG mice (5-6 

mice per group, female, 6-8 weeks of age) bearing MC38 tumours (grafted one day prior to 

T cell administration). Tumour size was then measured daily using callipers (Fig 4.16B), with 

mice being euthanized at ethical endpoint (defined as tumour with a volume of 1000mm3), 

at which time tumours, spleens and blood were taken for processing. Immune profiling and 

cytokine release was intended to be conducted on spleen, blood and tumour samples, 

however due to technical difficulties these measurements were unsuccessful and are being 

evaluated in subsequent experiments underway at the time of writing. All experiments were 

conducted with approval from and under regulations imposed by the WEHI Institutional 

Animal Ethics Committee. 
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Figure 4.16 proCAR oligomeric state correlates with anti-tumour efficacy in a mouse solid 

tumour model. A) primary mouse CAR T cells were generated and assessed for transduction 

efficiency (pMSCV-IRES-mCherry) and CAR expression level (Myc). NSG mice (minimum of 5 

per group) were administered with 5x105 MC38 HER2+ tumour cells on day 0. On day 1 

1x107 CAR T cells were administered intravenously with administration of 5x104 

international units (IU) of IL-2 administered intraperitoneally on days 1, 2 and 3. B) Tumour 

volume was measured daily with calipers and mice were euthanized at ethical endpoint, 

defined as tumour volume of 1000mm3. P-values calculated using a two-way Anova test. D) 

Kaplan-Meier plot showing mouse survival over entire course of experiment. P-values 

calculated using a log-rank (Mantel-Cox) test. C) and E) represent correlation between 

proCAR oligomeric state and C) tumour size at day 14 (the latest day where all mice were 

alive) or E) days until 1000 mm3 tumour.  
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Reference CAR T cells were comparatively most effective at tumour control, resulting in 

significantly greater survival compared to all proCAR designs (Fig 4.16D). Compared to one 

another, proCAR groups did not display significant differences in survival (Fig 4.16D), 

however proCAR3 did offer a subtle delay in the morbidity compared to proCARs 1 and 2. 

When tumour size was compared at day 14 Reference CAR T cell Reference group once 

again outperformed all proCAR designs (Fig 4.16B), however a negative correlation was 

observed between proCAR oligomeric state and average tumour volume (Fig 4.16C)). Upon 

close inspection, a trending positive correlation between proCAR oligomeric state and 

mouse survival was also observed (Fig 4.16E). 

 

Expression of a tetrameric proCAR 

The observation that oligomeric state positively correlated with tumour control in vivo, but 

that proCAR3 demonstrated anti-tumour activity inferior to FRP5 reference CAR T cells, 

provided a compelling rationale for the design of a tetrameric proCAR-4. As described in 

chapter 3 continuous efforts were made during the course of my project, by others in the 

lab, to crystallise additional proMP designs, including a tetrameric sequence (proMP4.1). At 

the time of writing proMP4.1 was successfully crystallised, however was yet to yield the 

high-resolution X-ray diffraction required for reliable structure determination. Efforts are 

underway to optimize these crystals (work conducted by Julie Nguyen and Dr. Melissa Call), 

however in lieu of an experimentally determined crystal structure, I proceeded to clone the 

proMP4.1 sequence into the FRP5 CAR, presuming the accuracy of its modelled structure 

(Fig 4.17B). I then expressed proCAR4 in the BW5147 cells line, in which surface staining 

indicated that proCAR4 was successfully expressed at a comparable level to reference CAR 

(Fig 4.17C). Given the lack of correlation observed between NFκB signalling and CD69 

expression with primary cell outputs in previous experiments, proCAR4 was progressed 

directly to primary T cell analysis, conducted by Ashleigh Davey. proCAR4 expressed robustly 

in primary CD8+ mouse T cells, comparable to the reference FRP5 CAR. At the time of 

writing these constructs are undergoing assessment CAR T cell cytotoxicity and cytokine 

release, with the aim of promptly assessing proCAR4 efficacy in the previously described 

MC38 HER2+ mouse tumour model. 
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Figure 4.17 Rational design of a tetrameric FRP5 proCAR. A) Sequence alignment of 

reference FRP5 CAR alongside the tetrameric proCAR4, generated by inserting sequence of 

proMP4.1 peptide into FRP5 Cys Mut construct. C) Flow cytometry analysis of surface 

proCAR surface expression in the Jurkat human T cell line relative to reference CAR. N=1. D) 

Flow cytometry analysis of proCAR expression in primary mouse CD8+ T cells, Non-

transduced cells were CAR negative, CD8+ T cells. N=1 (Conducted by Ashleigh Davey). 

 

4.3 Discussion 

proMP sequences facilitate robust CAR cell surface expression 

The data presented above highlight that the replacement by proMP sequences of the native 

CD28 TM sequence facilitates robust CAR surface expression. Surface staining indicated that 
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in both mouse and human cells, proCAR designs expressed at comparable levels to 

Reference. These observations confirm the reliability of the proMP design pipeline to 

produce TM sequences that support robust expression in the context of a mammalian 

membrane. The ability to achieve robust cell surface expression is particularly significant 

given the growing appreciation that CAR expression levels influence CAR sensitivity to ligand 

(Walker et al., 2017). While subtle differences in expression between proCARs and Cys 

Mut/Reference CAR were observed, these differences did not correlate with functional 

output. For example, although proCAR1 expression was generally greater than that of either 

proCAR2 or proCAR3 and comparable to that of Cys Mut (Fig 4.5), it consistently performed 

worst in terms of both cell killing and cytokine release compared to all other CARs (Fig 4.14, 

4.15). Analysis of surface expression variation between experiments also failed to correlate 

positively with cytokine release (Fig 4.15), further supporting the conclusion that our 

observed phenotype was not significantly influenced by differential CAR surface expression. 

 

One potentially confounding difference between proCARs and the Reference FRP5 CAR was 

the presence of additional, low molecular weight bands in western blot of CAR complexes 

immunoprecipitated from the cell surface. These bands were detected with antibodies 

targeting epitopes of both the extra- and intracellular portions of the CAR (Fig 4.6C), which 

confirmed that these bands were not due to a cleavage event within the proMP sequence 

itself. This finding was particularly encouraging, as it confirmed that synthetic proMP 

sequences were resistant to cleavage by transmembrane domain cleaving enzymes such as 

g-secretase (Wolfe, 2019). Given the relatively small reduction in apparent molecular weight 

of the proCAR specific products it is possible that other cleavage events proximal to the N- 

or C-termini of the FRP5 could give rise to these bands. However, subsequent experiments 

(discussed in chapter 5) using a different CAR construct did not yield the same products 

despite identical TM and tail sequences, suggesting that these bands derive from the 

contrasting scFv and stalk sequences. Differential glycosylation of the CD8a and CD28 stalks 

may explain this difference: the CD8a stalk region in the context of its full-length protein 

contains a high abundance of serine and threonine residues known to be the subject of high 

levels of O-linked glycosylation (Moody et al., 2001, Merry et al., 2003). It is therefore 

possible that differences in protein trafficking between the CAR containing native CD28 and 

proMP TM sequences may give rise to differences in the efficiency of stalk glycosylation. 
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This would suggest that Reference and Cys Mut CARs exist in a fully glycosylated form, 

whereas proCAR designs can exist in either fully or partially glycosylated forms. 

 

Interestingly, the prevalence of lower molecular weight bands is sequence-specific, given 

that proCAR2 exhibits very minimal evidence of these products. Whether differences in 

either glycosylation or N-terminal cleavage are a result of sequence specific features or are 

a result of differences in oligomeric state remains to be determined, and the evaluation of 

alternative proMP sequences with the same oligomeric state would go some way to 

resolving this. Additionally, mass spectrometric analysis of proCARs may be useful by 

conclusively determining the proCAR protein species present at the cell surface and 

identifying the presence of any specific modifications. 

 

Subtle differences in the expression of proCARs relative to Reference CAR in the BW5147 

and Jurkat T cell lines were also observed, for example a noticeable shift in the proCAR2 

expression profile via anti-Myc labelling (Fig 4.5). To further verify these differences, 

comparisons are required in which identical CAR retrovirus is used in parallel on both cell 

lines, in addition to further replicates to enable robust quantification. Inter-species proCAR 

surface expression variation could theoretically arise from proMPs interactions with 

endogenous proteins expressed differentially between species, resulting in impaired 

stability or trafficking to the membrane. It appears unlikely that such interactions would 

result from symmetrical interactions with proteins containing similar small-residue 

dimerization motifs, as evidenced by the lack of suitable candidates presented in table 3.3; 

however, it is possible that cryptic or asymmetric interfaces with endogenous proteins could 

occur. Identification of such endogenous interacting proteins would require proCAR 

immunoprecipitation combined with mass spectrometry in human versus mouse primary T 

cells in search of differentially enriched proteins. However, reduced surface expression 

levels of proCARs compared to Reference CAR did not correlate with T cell functionality (Fig 

4.15C), suggesting that reduced surface expression of the magnitude observed in the 

proCAR system is not problematic. While it appears unlikely that reduced proCAR expression 

would result in dramatically different functionality in human T cells, the strength of the 

proMP design pipeline is that alternative proMPs of the same oligomeric state can be 
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readily generated and empirically validated for robust surface expression (as was 

demonstrated with the design of proCAR4). 

 

Characterization of proCAR oligomeric state 

Various experimental approaches are capable of offering insight into the oligomeric state of 

surface receptors, each with their own unique combination of strengths and limitations. The 

combination of IVT crosslinking and quantitative fluorescence microscopy approaches I 

undertook were chosen due to their relative technical simplicity and provided valuable 

preliminary evidence of the ability of proMP sequences to control CAR oligomeric state.  

 

IVT crosslinking experiments clearly demonstrated the pattern expected of proMP 

sequences when compared with canonical monomeric and dimeric TM sequences. proMP1 

exhibited comparable self-association to a poly-Valine TM, while proMP2.2 exhibited a 

significantly higher degree of self-association compared to glycophorin A. These results 

indicate that in regard to predicting monomeric and dimeric TM self-association the dsTbL 

TOXCAT assay is a reliable predictor of self-association in the context of mammalian 

membranes. Additionally, these findings highlight the significant differences in self-

association observed between TM domains sharing a common dimerization motif. The 

differential features between proMP2.2 and GpA are therefore worthy of closer inspection 

in the future. Interestingly, while an alanine residue 4 residues N-terminal to the GxxxG of 

proMP2.2 appeared to permit close helical packing, the introduction of a Leucine to alanine 

mutation in the same location in GpA did not result in an increase in dimerization in vitro 

(Langosch et al., 1996). This once again highlights that the determinants of GxxxG motif 

dimerization are complex and likely to be influenced by several factors. 

 

I also observed that within my IVT system the TM sequence of CD28 demonstrated a 

propensity to self-associate, compared to monomeric polyVal and proMP1 constructs, 

although this difference did not reach statistical significance. This observation does however 

align with recent observations that motifs within the CD28 TM domain are responsible for 

driving homo-dimerization (Leddon et al., 2020). While IVT crosslinking experiments have 

previously been effective in covalently trapping trimeric and tetrameric complexes, it was 

unfortunate that such measurements could not be reliably made in this case. One 
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explanation for these high-weight bands could be the covalent linkage of DAP12-fusion 

constructs with endogenous proteins within the ER microsomes used within the IVT system 

for protein translation. Although only DAP12-fusion protein is expected to be visible in 

autoradiograms (as only protein translated in the presence of radio-labelled S35 Cys/Met will 

generate signal), covalent linkage of DAP12 stalk sequences with endogenous proteins 

within the ER could give rise to the apparent high-molecular weight bands observed. This 

hypothesis could be tested using an alternative source of ER microsome, with the intention 

of avoiding undesirable covalent interactions with endogenous proteins. 

 

Numbers and brightness (N&B) analysis of proCAR-GFP fusion constructs in live cells agreed 

with those made within the IVT crosslinking system, also identifying a positive correlation 

between predicted and experimentally determined oligomeric structures was observed. 

Crucially, N&B analysis provided the strongest insight into the behaviour of proCAR3, 

indicating a propensity to form higher-order oligomers compared to proCAR-1 and -2. 

Crucially, neither experimental system was suggestive of the existence of higher order 

hexameric assemblies of proCAR2, confirming earlier speculation that weak contacts 

between dimers of the proMP2.2 asymmetric unit were unlikely to be relevant outside of 

the context of high protein concentration crystallographic system. An important 

consideration in these experiments was that N&B analysis is inherently limited to making 

relative comparisons of oligomeric state. At the time of writing a membrane-tethered 

monomeric GFP standard has been expressed, with the intention of acting as a strictly 

monomeric reference against which proCAR-GFP constructs can be compared. The inclusion 

of such a control will enable a more objective quantitation of proCAR oligomeric state and 

provide insight into the relatively small difference between B-values observed of proCAR1 

vs. proCAR2. Given the striking difference in self-association of proMP1 and proMP2.2 in 

TOXCAT and IVT crosslinking experiments it appears likely that in the context of a full-length 

CAR, self-association is likely to be at least partially influenced by extra- and/or intracellular 

receptor components. For example, the interchange of scFv VH and VL domains (known as 

domain swapping) is observed in the context of other scFv engineering applications (Zhang 

et al., 2015) and could foreseeably contribute to CAR self-association. Such an explanation 

seems more likely than contributions from the CD8� stalk, given the lack of evidence of 

CD8� stalk self-association and the observation that the CD8� TM domain is largely 
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responsible for homodimerization of native CD8a proteins (Hennecke and Cosson, 1993). In 

addition to the optimization of monomeric standards for more robust N&B analysis, 

alternative high-resolution microscopy approaches are in planning at the time of writing. 

Recent advances in single-molecule imaging used to quantitate surface receptor oligomeric 

state present an exciting opportunity to quantify absolute receptor oligomeric state, as well 

as providing insight into the distribution of oligomeric species (Karathanasis et al., 2020).  

 

How do proMPs exert differential effects on in vitro CAR T cell killing and cytokine release? 

This work, enabled by a novel protein design approach, constitutes the first systematic 

investigation of the influence of oligomeric state on CAR function. Comparison of 

monomeric, dimeric, and trimeric proCAR T cells in primary mouse cells was suggestive of a 

positive correlation between receptor oligomeric state and target cell killing. proCAR2/3 

demonstrated enhanced cytotoxicity compared to proCAR1 when expressed in primary 

mouse T cells, despite displaying equivalent signalling capacity in immortalized BW5147 

mouse T cells. These findings align with the observation that an increased number of CD3z 

ITAMs per CAR resulted in enhanced CAR T cell ligand sensitivity (Majzner et al., 2020). The 

observation that proCAR2 and proCAR3 exhibit indistinguishable in vitro cytotoxicity in 

response to the HER2high MC57-HER2 target cell line may indicate that CAR cytotoxicity is 

saturated at these levels of antigen. Majzner et al. (2020) demonstrated previously that CAR 

constructs exhibiting indistinguishable cytotoxicity at high levels of antigen subsequently 

demonstrate vastly different cytotoxicity in the context of antigen low target cell line. It will 

therefore be valuable to evaluate proCAR4 activity in the context of target cells expressing 

lower levels of HER2. BW5147 proCARs demonstrated sub-maximal signalling, comparable 

to reference CARs, in response to target cells expressing lower levels of HER2, suggesting 

that these cell lines may provide the desired antigen limiting setting required.  

 

It is also possible that the relationship between CAR oligomeric state and signalling output is 

non-linear and hence differences in function between different oligomeric states may vary. 

For example, ZAP-70, a key downstream kinase responsible for binding phosphorylated 

ITAMs within the CD3z tail is known to show a strong preference for dimeric CD3z tails 

(Hatada et al., 1995, James, 2018). Dimerization is consequently required for ZAP-70 trans-

autophosphorylation, an important prerequisite for ZAP-70 to initiate downstream 
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signalling cascades. Hence, it may be expected that the difference between monomeric and 

dimeric CARs may be a result of a combination of both increased ITAM multiplication and 

increased ability to facilitate ZAP-70 dimerization. It follows that increases in oligomeric 

state beyond dimerization may not result in enhanced ZAP-70 dimerization and trans-

autophosphorylation but may still result in an increase in receptor potency. Such 

hypotheses could be tested via quantitative analysis of ZAP-70 phosphorylation status and 

would provide a valuable insight into early CAR observations of the superiority of dimeric 

versus monomeric CAR architectures (Fitzer-Attas et al., 1998, Bridgeman et al., 2010). 

 

It was also notable that proCAR2 demonstrated enhanced cytotoxicity when compared to 

Reference CARs, even though each of these constructs was expressed as a dimer. One 

explanation for this observation may relate to the relative differences in the dimeric 

structures adopted by the CD28TM domain vs. that of proCAR2. While no crystal structure is 

currently available of the native CD28 TM domain, a reasonable prediction could be taken 

from the structure of the CD3z TM domain, which shares the same YxxxxT dimerization 

motif. The CD3z TM dimer when compared to that of proMP2.2 is noticeably upright, 

demonstrating a dramatically different crossing angle. Given that alterations of the CD28TM 

domain dimer structure are suggested to influence receptor signalling (Leddon et al., 2020, 

Sanchez-Lockhart et al., 2011) it is possible that the structure adopted by proMP2.2 may 

influence the downstream signalling capacity of the CD28 signalling tail in a manner that 

enhances cytotoxicity. Teasing apart these hypotheses will require a greater understanding 

of the functional role of TM structure in the native CD28 receptor, as well as a greater 

understanding of the influence of proximal CAR signalling events to T cell effector function. 

 

Intriguingly, a significant reduction in release of IL-2, TNFa, IFNg and GM-CSF was observed 

of all proCAR designs, regardless of oligomeric state, compared to Reference and Cys Mut 

CAR T cells. This suggested that the CD28TM domain was responsible for driving CAR T cell 

cytokine release, an observation that aligns with previous studies which demonstrated the 

CD28 stalk and TM domains together resulted in elevated cytokine release compared to CAR 

utilising CD8a stalk/TM domains (Majzner et al., 2020, Alabanza et al., 2017). These studies 

did not investigate the individual contributions of stalk vs. TM domains and therefore our 

findings constitute the first evidence that the CD28TM domain is independently capable of 



 114 

driving this enhanced cytokine release phenotype. In addition to this reduction in cytokine 

release compared to Reference CAR, subtle differences between the cytokine release of 

proCARs were also observed. In the case of each IL-2, TNFa and IFNg release, proCAR2 and 

proCAR3 demonstrated marginally greater cytokine release than proCAR1, while GM-CSF 

release appeared to correlate positively with oligomeric state in the case of all three 

proCARs. These differences were small and did not reach statistical significance, however 

this trend warrants careful scrutiny as tetrameric proCAR4 designs are progressed to in vitro 

primary T cell evaluation. 

 

Does in vitro proCAR phenotype translate in vivo? 

We observed a promising indication that proCAR oligomeric state correlates positively with 

tumour control in a preliminary mouse tumour model. In spite of indistinguishable in vitro 

cytotoxicity between proCAR2 and proCAR3, proCAR3 demonstrated a noticeable 

improvement in tumour control at day 14 compared to proCAR2, with proCAR1 performing 

worse than all other receptors tested. This supports the hypothesis that oligomeric state 

directly influences CAR T cell efficacy, though what specific pathways are responsible for this 

effect is not yet clear. In vivo performance is influenced by many T cell parameters, 

including but not limited to cytotoxicity, cytokine release, proliferative capacity, survival and 

T cell memory phenotype. It was therefore not surprising that while in vitro cytotoxicity 

measurements had indicated an enhanced killing ability of proCAR2 and proCAR3 relative to 

Reference CAR, in the context of an in vivo tumour model reference FRP5 CAR T cells 

demonstrated significantly greater survival benefit and tumour control. These findings 

correlate with earlier findings that reference FRP5 CARs greatly outperformed first-

generation FRP5 CARs (FRP5-CD3zTM/tail) in terms of cytokine release and a tumour 

control (Haynes et al., 2002). Subsequent studies demonstrated that mutation of the 

canonical PYAP and YMNM sequence motifs within the CD28 tail (responsible primarily for 

Lck and Grb2 recruitment respectively (Boomer and Green, 2010)) resulted in attenuation of 

cytokine release as well as attenuated tumour control (Moeller et al., 2004). These findings 

suggest there may be a non-redundant requirement for both CD28TM and tail sequences to 

drive maximum cytokine release. To address this hypothesis, efforts were made within the 

in vivo experiment described in this thesis (Fig 4.16) to measure CAR T cell cytokine release 

from blood samples taken at day 7 post-treatment and at ethical endpoint, however no 
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signal was observed for the cytokines measured within these samples for any CAR T cells. 

Efforts are currently underway to repeat a modified version of this in vivo experiment, with 

the aim of measuring in-tumour cytokine release shortly following the administration of CAR 

T cells to NSG mice bearing pre-established MC38 HER2+ tumours. 

 

It may also be informative to assess the efficacy of FRP5 proCAR designs in the context of 

alternative mouse tumour models. The MC38 HER2+ model selected for this experiment is 

particularly aggressive, highlighted by the fact that in other HER2+ tumour models FRP5 

CARs are capable of curative monotherapy (Wang et al., 2010). This study also 

demonstrated long-term persistence of FRP5 Reference CAR T cells beyond day 50, 

presenting an opportunity to compare long-term persistence of proCAR T cells in vivo (Wang 

et al., 2010). Given the correlation observed between CAR T cell persistence and positive 

patient outcomes these types of long-term tumour models will be crucial in evaluating the 

clinical potential of our proCAR approach. 

 

Unravelling and extending proCAR functionality 

Given the observation that proCAR3 outperformed other proCARs but failed to match 

Reference FRP5 CAR T cell efficacy, the in vitro and in vivo validation of the tetrameric 

proMP4 design is a high priority. Given proCAR2 and proCAR3 demonstrated 

indistinguishable cytotoxicity within the previously described chromium release cell killing 

assays we would not expect proCAR4 to provide any additional benefit. Experiments 

currently in planning at the time of writing will instead utilise a live microscopy cell killing 

assay, which allows visualization of target cell death following co-incubation with CAR T cells 

over the course of 24-72 hours in an IncuCyte imager. Transition to this experimental 

system may permit the disentanglement of proCAR cytotoxicity in vitro, as previous studies 

using similar approaches demonstrated an ability to differentiate subtle variations in killing 

capacity by making repeated measurements of the same well at low ratios of T cell to target 

cell density (Majzner et al., 2020).  

 

Suitable pentameric TM designs are also currently being considered in the event that 

proCAR4 is able to improve upon the activity of proCAR3. Pentameric designs have 

previously not been attempted using the proMP pipeline, although there are no theoretical 
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limits to such designs. However, a recent published study on several highly-stable variants 

of the pentameric transmembrane segments of the protein phospholamban (Mravic et al., 

2019) present an intriguing opportunity to further extend the proCAR approach. In the 

event that pentameric proMP sequences can be designed, phospholamban will also provide 

an interesting comparison of sequences generated using two very different membrane 

protein design approaches.  
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CHAPTER 5 Interrogating the mechanism of the CD28 TM domain 

contribution to CAR-T cell cytokine release 

5.1 Background and rationale  

Our interest in unravelling the mechanism linking CD28TM sequence to cytokine release 

was rooted in the pressing clinical need to find means of controlling CAR cytokine release to 

reduce the high incidence of toxicity plaguing current generations of CAR therapies. Over 

50% of patients treated with CAR T cells directed against B cell malignancies experience 

severe toxicity in the form of neurotoxicity or Cytokine Release Syndrome (CRS) (Neelapu et 

al., 2018). These toxicities are associated initially with fever, malaise and delirium, however 

in severe cases these symptoms can progress to cause multi-organ failure and even death if 

not rapidly treated. CRS and neurotoxicity are dose-limiting and are triggered by excessive 

release of inflammatory cytokines, such as IFNg, TNFa and GM-CSF by CARs, which in turn 

drives other immune cells to release excessive quantities of additional inflammatory 

cytokines. Macrophages in particular contribute significantly to the progression of CRS, via 

the release of high levels of IFNg and the pro-inflammatory cytokine IL6. These toxicities are 

currently managed through the administration of IL-6 blocking antibodies and steroid 

treatments; however, these interventions significantly impact the cost (Zhu et al., 2020) and 

efficacy of CAR therapies (Neelapu et al., 2018). Hence, there is significant interest in re-

engineering CAR designs to reduce CAR T cell cytokine release without sacrificing overall 

efficacy. Two recent papers independently identified that reductions in cytokine release 

could be achieved via modifications to the TM/stalk regions of 2nd generation CARs (Brudno 

et al., 2020, Ying et al., 2019). Brudno et al (2020) compared receptors possessing either 

CD28 or CD8a stalk/TM domains, in contrast to Ying et al (2019) who compared the impact 

of small extensions to the CD8a stalk and TM sequences commonly found in 2nd generation 

CARs. Both modifications resulted in reduced expression of TNFa, IL-2 and IFNg, whilst 

remarkably Ying et al (2019) demonstrated lower-than-expected incidence of neurotoxicity 

and CRS amongst patients in a small phase-I clinical trial for the treatment of Refractory B 

cell lymphoma (Ying et al., 2019).  

 

Importantly, further studies have since detailed to complex relationship between CAR 

cytotoxicity and cytokine release, suggesting that TM/Hinge modifications can in some cases 
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result in simultaneous reductions in cytokine release and cytotoxicity (Majzner et al., 2020). 

Therefore, it is vital that the molecular mechanisms underpinning these observations and 

the independent contributions of TM vs. hinge domains are elucidated in finer detail. Our 

findings indicated that the replacement of the CD28 TM domain with any of our proMPs 

corresponded with a profound reduction in cytokine release, and that some of them 

achieved this without an associated reduction in target cell killing. This was highly 

suggestive of a sequence-specific role for the CD28TM domain and we therefore set out to 

establish which structural features may be capable of influencing CAR function. 

 

A conserved homo-dimerization motif in the CD28TM domain 

Transmembrane domain interactions play an essential role in single pass transmembrane 

domain receptor assembly and function. Highly conserved TM motifs dictate the 

architecture of multi-subunit receptor assemblies of immune receptors such as the 

TCR/CD3, DAP10/NKG2D and CD19/CD81 complexes (Berry and Call, 2017). Furthermore, in 

several type-I receptors dynamic regulation of TM structures is proposed to contribute to 

transducing ligand binding events across the cellular membrane and initiating intracellular 

signalling (Lee et al., 2015, Brooks et al., 2014, Bocharov et al., 2008, Susa et al., 2021). A 

comprehensive understanding of the relationship between CD28 structure and function is 

still lacking, however several recent advances have outlined a series of functionally relevant 

structural features. 
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Figure 5.1 CD28 co-stimulation of T cell signalling. T cell receptor (TCR) signalling is initiated 

by binding of TCRab to stimulatory peptide antigen presented by proteins of the Major 

histo-compatibility complex (pMHC). This interaction is enhanced by CD4/CD8 coreceptor 

binding to pMHC. Binding of CD28 to its cognate antigen CD80/86 facilitates recruitment to 

pMHC activated TCR complexes. CD28 provides crucial costimulatory support to TCR 

signalling via activation of canonical T cell signalling pathways and recruitment of the 

membrane localised activating kinase Lck. CD4/pMHC/TCRαβ (PDB ID: 3TOE), TCR (PDB ID: 

6XJR) (TCRαβ from PDB ID: 3TOE aligned against TCRαβ chains in 6XJR using pymol, 3TOE 

TCRαβ chains not shown), CD28 (PDB ID: 1YJD). 

 

CD28 is a costimulatory receptor expressed constitutively on T cells and consists of a single 

extracellular ligand binding domain connected via a short extracellular stalk region to a 

transmembrane domain and cytosolic tail (Fig 5.1). It exists as a homodimer at the cell 

surface, covalently stabilised by a single disulfide crosslink between stalk regions. It is 
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responsible for amplifying TCR signalling upon binding of the ligands CD80 and CD86, both 

found on the surface of professional antigen presenting cells such as dendritic cells. Upon 

ligand binding, signalling motifs within the CD28 cytoplasmic tails are phosphorylated by the 

membrane associated kinase Lck (Holdorf et al., 1999), resulting in the recruitment and 

activation of signalling molecules such as PI3K (Pages et al., 1994, Harada et al., 2003), Grb2 

(Raab et al., 1995) and GADS (Watanabe et al., 2006), integral members of canonical TCR 

signalling pathways. This serves to lower the threshold for activation of T cells responding to 

stimulatory pMHC ligands while simultaneously promoting cell survival and proliferation. 

Crucially, CD28 co-stimulation also enhances the production of several cytokines such as IL-

2, TNFa, IFNg and GM-CSF (Thompson et al., 1989). Due to the pivotal role of CD28 

signalling in T cell function, the structural determinants of CD28 activation have been the 

subject of intense interest for several decades. However, only in recent years has a 

complete picture of the mechanism of CD28 signalling begun to take shape and 

understanding the relationship between CD28 structure and function is crucial to 

understanding the influence of CD28 sequences on CAR function. 

 

Relevant to the FRP5 CAR, a recent study by Leddon et al. (2020) has detailed the 

importance of homodimeric interactions between CD28 transmembrane domains, 

facilitated by a highly conserved dimerization Yx4T motif (a tyrosine and threonine 

separated by 4 other amino acids) (Fig 5.C). While an experimental structure of the CD28 

TM domain has not been determined, a similarly located Yx4T motif is found in the CD3z TM 

homodimer for which an NMR structure is available (Call et al., 2006), suggesting that the 

CD28 TM domains may form a similar dimeric interface (Fig 5.2A, B). The mutation of this 

Yx4T motif to Lx4L in primary mouse T cells resulted in a dramatic reduction in surface 

expression and T cell developmental defects in mice, suggesting an important role in 

receptor surface stability in addition to its role in dimerization (Leddon et al., 2020). 
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Figure 5.2 A conserved YxxxxT motif shared among immune receptors. A) Alignment of 

CD28 and CD3ζ TM domains with YxxxxT motif shown in red. Additional serine residue within 

CD28 YxxxxT motif highlighted in red. B) NMR structure of the CD3ζ YxxxxT dimerization 

motif interface, with hydrogen bonds labelled with distance between hydroxyl oxygen atoms 

(PDB: 2HAC). CD28 sequence (right) was modelled onto CD3ζ homodimer. Homologous 

Tyrosine to threonine predicted hydrogen bonds labelled, in addition to distance between 

oxygen atoms of CD28-sequence specific serine residue within YxxxxT motif. C) Web logo 

depicting sequence conservation of CD28 TM sequence. Web logo adapted from leddon et al 

(2020), constructed from 51 species. Black font: hydrophobic, green font: polar, red 

font:acidic. 

 

Influence of CD28 sequences on CAR T cell functionality 

We hypothesized that CD28 TM domains in the context of CAR constructs may mediate 

recruitment of endogenous CD28 via this highly conserved Yx4T dimerization motif and 

thereby enhance CD28 signalling (Fig 5.3). The corollary of this hypothesis is that the 

replacement of the CD28 with our panel of proMP designs would result in a decrease in 

CD28 recruitment, and therefore a decrease in CD28 signalling and CD28-mediated cytokine 

release. This hypothesis is founded on the observations that the inclusion of CD28stalk 

and/or TM/tail sequences into first generation CARs (scFv-CD3zTM/tail) resulted in dramatic 

enhancement of T cell proliferation and cytokine release in vitro (Finney et al., 1998, Maher 

et al., 2002, Vallina and Hawkins, 1996). Hence, our hypothesis was that this phenotype 

results at least in part from TM interactions between CAR and endogenous CD28TM 
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domains. To investigate this hypothesis, we made targeted mutations to the CD28 TM 

dimerization motif within our reference FRP5 CAR (termed CD28TM mut). This construct 

was assessed for its target cell killing and cytokine production capacity in comparison to the 

reference FPR5 CAR. Additionally, this construct alongside the proCAR panel, was assessed 

via biochemical and fluorescence microscopy techniques for their ability to directly co-

associate with endogenous CD28 at the cell surface. 

 

 
Figure 5.3. A functional role for Heterotypic CAR-CD28 interactions. We hypothesise that 

CD28 is recruited to the FRP5 CAR via heteromeric CD28 TM interactions. Increased 

recruitment of CD28 would consequently result in an increased accumulation of CD28 

associated signalling molecules such as PI3K, GRB2, GADS and Lck, corresponding with 

increased CD28 co-stimulation.  

 

5.2 Results 

Design of CD28 TM mutations and mouse T cell line validation 

In a recent paper by Leddon et al. leucine mutations were introduced to the tyrosine and 

threonine of the conserved Yx4T motif in mouse CD28 and observed to ablate dimerization.  
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In addition to these two polar residues the human CD28 sequence (found within the FRP5 

CAR) contains a serine residue in between the tyrosine and the threonine (YSx3T). As shown 

in Figure 5.2 when the CD28 TM sequence is modelled on the structure of the CD3zz 

homodimer, aligned according to the position of the conserved Yx4T motif, the position of 

this serine indicated it was likely capable of forming hydrogen bonds with the opposing 

serine residue and thereby providing an additional stabilising contact. For this reason, we 

decided to mutate this serine in addition to the canonical interface tyrosine and threonine 

residues (Fig 5.4A). In contrast to the mutations described in Leddon et al (2020) we made 

conservative amino acid substitutions, converting the human YSx3T motif to FAx3V, thus 

removing hydroxyl groups capable of forming interchain hydrogen bonds whilst otherwise 

preserving the chemical structure as much as possible. The FRP5 CAR construct encoding 

this FAx3V motif was termed the CD28TM Mutant (CD28TM Mut) and was compared 

alongside the reference FRP5 CAR to determine its comparative expression and function. 

BW5147 mouse T cells were transduced with Reference or CD28TM mutant CAR constructs, 

both of which expressed robustly to the cell surface (Fig 5.4B). Western blot analysis of the 

CD28TM mut CAR revealed that in spite of the mutations made it was still capable of 

forming a comparable degree of covalent dimer to Reference FRP5 CAR at the cell surface 

(Fig 5.5). These T cells were then co-incubated with the SKBR3 HER2+ target cell line and 

demonstrated comparable CD69 upregulation and NFκB activation (Fig 5.4B). This 

experiment was only conducted once in favour of progressing to primary cell assays, given 

that we had previously observed that CD69/NFκB were poor predictors of primary cell 

functionality, but they indicated that the receptor remained functional. 
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Figure 5.4. Validation of expression and signaling capacity of an FRP5 CD28TM mutant A) 

Sequence alignment of native human CD28 TM sequence from Reference FRP5 CAR and the 

CD28TM mut construct with mutations to polar residues involved in CD28 TM dimerization 

motif. B) Histograms showing CAR expression in BW5147 T cell line as measured by surface 

Myc staining; CD69 upregulation and NFκB activation in response to 6-hour co-culture with 

SKBR3 target cells. N=1. 

 

 
Figure 5.5. CD28TM mutant forms covalent homodimers. Surface capture IP, SDS-PAGE 

western blot analysis of reference vs. CD28TM mut expressed in BW5147 cells. 5x106 

cells/lane. Predicted MW of both CAR sequences is ~57kDa. SDS-solubilised samples split 

prior to SDS-PAGE, treated with +/- 10mM DTT to generate reduced and non-reduced 

samples. N=1. 
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Primary Cell functionality 

Reference and CD28TM mut constructs were expressed in primary mouse T cells, with 

CD28TM mut exhibiting somewhat lower surface expression (Fig 5.6 A), in line with 

observations that mutation of the YxxxT motif disrupts surface expression of CD28 in 

primary T cells (Leddon et al., 2020). These cells were progressed to in vitro killing and 

cytokine release assays using the same MC57-HER2/MC57-Parental cell lines used 

previously to interrogate proCAR functionality.  

 

 
Figure 5.6. CD28TM mut supports cell killing, attenuates cytokine release. A) Surface 

expression of reference vs. CD28TM mut in primary mouse T cells (anti-Myc staining) N=3, 

mean +/-SEM, * = P<0.05, paired student t-test. B) Representative killing curve comparing 

response to HER2-/+ target cells. C) Summary of cell killing in response to HER2+ target cells 

at 20:1 effector:target ratio. N=3, mean +/- SEM. B) Cytokine release as measured following 

24-hour co-culture with MC57-HER2 target cells. N=4, mean +/- SEM. All surface staining 

and cytotoxicity measurement were conducted by Dr. Ashleigh Davey. Cytokine release 

measurements were conducted by Dr. Ashleigh Davey and Nicholas Chandler. 
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Reference and CD28TM mut CAR T cells demonstrated comparable cytotoxicity against 

antigen-high MC57-HER2 target cells (Fig 5.6B, C); however, CD28TM mut displayed reduced 

release of IL-2, TNFa, IFNg and GM-CSF in line with levels produced by proCAR T cells (Fig 

5.6D). 

 

Quantification of co-association of CAR and endogenous CD28 

Once CD28TM mut had been shown to display a similar phenotype to our proCAR designs 

we set out to test the hypothesis that the CAR CD28TM domain was facilitating recruitment 

of endogenous CD28 through TM-TM interactions mediated by the YSx3T motif. We used an 

co-clustering approach to probe this question, which involves crosslinking a given receptor 

on the surface of a lymphocyte to induce active clustering and then fixing and staining for a 

second receptor. Overlapping fluorescence derived from the two receptors can then be 

interpreted as a close interaction.  

I hypothesized that if the YSx3T motif was responsible for mediating interactions with 

endogenous CD28, then co-clustering with CD28 would be expected of Reference and Cys 

Mut constructs, whereas reduced CD28 co-clustering would be expected of CD28TM mut 

and proCAR constructs. To explore this hypothesis, I evaluated a subset of our CAR panel, 

selecting all dimeric designs to simplify the comparison: Reference, Cys Mut, proCAR2 and 

CD28TM mut. Primary CAR T cells expressing these constructs were generated and treated 

with anti-Myc and a fluorescent secondary antibody to induce CAR crosslinking and visualise 

CAR clusters. Cells were subsequently stained with anti-CD28 to visualise receptor co-

clustering. Staining of CD28 was conducted on ice and in the presence of 0.1% sodium azide 

to halt cellular metabolism and minimize induced clustering of CD28. Following data 

collection, co-recruitment was inferred from the number of CAR clusters that co-localised 

with a CD28 clusters. The reference FRP5 CAR exhibited extensive CAR clustering at the cell 

surface as expected, with approximately 25% of CAR clusters on average per cell co-

localising with a distinct cluster of CD28 (Fig 5.7A, B). FRP5 Cys Mut CAR demonstrated a 

subtle enhancement in its co-association with CD28 compared to reference, although this 

small difference did not reach statistical significance. Given the subtle difference in CD28 

association of Cys Mut and reference FRP5 CARs I decided that the relevant comparisons 

should be made between CAR designs with equivalent stalk cysteine design (Reference vs. 



 127 

CD28TM mut because both have the disulfide bond intact [Fig 5.5]; Cys Mut vs. proCAR2 

because neither can form the stalk disulfide bond [Fig 4.6]).  

 

 
Figure 5.7 Investigation of CAR-CD28 association via co-clustering analysis. A) 

Representative images of primary CAR T cells following CAR crosslinking induced clustering. 

Bright puncta were quantified and termed CAR or CD28 ‘clusters’. B) CD28 co-clustering data 

measured for relevant cell lines. Each dot represents the percentage of CAR clusters for a 

given cell that co-clustered with the respective secondary receptor. Mean+/-SEM, at least 20 

cells analysed per cell line. P-values calculated using one-way Anova statistical analysis. 
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Mutation of the CD28 dimerization motif (CD28TM mut) indeed caused reduced co-

clustering compared to reference with a P-value trending strongly towards significance (Fig 

5.7B). Additionally, proCAR2 displayed significantly less CD28 co-clustering compared to 

FRP5 Cys Mut CARs and was in fact very similar to CD28TM mut. From this data we 

concluded that the FRP5 CAR was capable of associating with CD28 at the cell surface and 

that this interaction was mediated at least in part by conserved CD28 YSx3T motif. 

 

Use of proCAR approach with a CD28TM containing, CD19-directed CAR design 

To explore the wider relevance of the mechanistic link between the CD28TM dimerization 

motif and CAR cytokine release, I decided to incorporate proMP sequences onto the 

background of a different CAR that also uses the CD28TM domain. Hence, a CD19 directed 

CAR design was selected consisting of a CD19-specific scFv, CD28 stalk/TMD/Costimulatory 

tail and a CD3z tail. This sequence was adopted from the FDA-approved, Yescarta® CAR T 

cell treatment (also known as axicabtagene ciloleucel) which importantly also presented an 

opportunity to confirm the impact of proMP insertions in a highly clinically relevant setting. 

 

 
 

Figure 5.8. Design of the Yescarta proCAR panel. Comparison of domain architecture of 

FRP5 CAR vs. that of the Yescarta CD19-specific CAR. Inset is sequence alignment of Yescarta 

CAR sequences, insertion site used in FRP5 CAR was present in Yescarta CAR permitting 

identical proMP insertion site. Stalk cysteine mutation to alanine depicted in black font. 
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ProMP sequences were cloned into the CD28 TM domain of the Yescarta reference CAR 

(Yes-Reference) at an identical position to that of the FRP5 Reference CAR (Fig 5.8). As in the 

case of the design of the FRP5 proCAR panel, Yescarta proCARs were designed on the 

background of a construct (Yes-Cys Mut) where stalk cysteines were mutated to prevent 

inter-chain disulfide linkages. In contrast to the FRP5 reference CAR, the Yescarta sequence 

currently used clinically does not include an affinity tag, hence a myc tag was included at the 

N-terminus to assist in receptor detection.  

 

 
Figure 5.9. Surface expression of Yescarta proCARs. A) Representative flow cytometry 

analysis of mCherry and CAR expression in the BW5147 mouse T cell line with corresponding 

histograms (B) of CAR surface expression. C) CAR surface expression quantified over N=3 

independent experiments, mean +/- SEM. **= P<0.001, ***= P<0.0001. P-values calculated 

using One-way Anova statistical test. 
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Upon retroviral expression in the BW5147 NFκB GFP reporter T cell line, Yes-Reference 

exhibited enhanced cell surface staining compared to Yes-Cys Mut (Fig 5.9C). Yes-proCAR 

designs exhibited even further reductions in surface expression compared to the Yes-Cys 

Mut receptor (Fig 5.9C). 

 

Due to the weak surface staining of the Yescarta proCAR designs I conducted an 

immunoprecipitation experiment using these same cell lines to confirm their expression. 

Cells were first surface coated with a polyclonal-anti-IgG antibody capable of binding scFv 

domains and following cell lysis, the antibody-bound receptors were captured with protein-

G beads. Western blot analysis confirmed that the mutation of the CD28 stalk cysteine 

residue was sufficient to prevent covalent dimerization. In contrast to cell surface staining, 

western blot analysis suggested that Yes-proCAR and Cys Mut receptors were far more 

similar in expression to Yes-reference (Fig 5.10). The cause of this observation was unclear, 

however given that different antibodies were used in flow cytometry vs. IP experiments it is 

possible that Myc-tag accessibility may be compromised in receptors lacking a CD28 stalk 

cysteine. There was also a notable absence of the lower molecular weight doublet observed 

in western blotting of the FRP5 proCAR designs (Fig 5.10 vs. Fig 4.6), suggesting that these 

bands may have been caused by extracellular sequences, given the Yescarta and FRP5 CAR 

tail sequences are identical (depicted in Fig 5.8). Subsequent blotting with an anti-Myc 

antibody gave rise to several background bands in all lanes, preventing accurate 

visualization of CAR proteins for comparison against CD28 blots pictured in fig 5.10A. 
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Figure 5.10. Confirming Yescarta surface expression via IP/western blotting. A) Surface 

capture/IP was conducted on BW5147 mouse T cells expressing Yescarta proCAR panel. 10 

million BW5147 T cells input used per lane, 5% input used for whole cell lysate controls. 

Theoretical MW of Yescarta CAR is 55kDa. B) Quantification of CAR band volume normalised 

against GAPDH blot of matched whole cell lysate samples. N=1. 

 

Following the confirmation of Yes-proCAR surface expression via surface-IP and western 

blotting, this panel of receptors was progressed for functional characterisation. Yes-proCAR 

T cells were co-cultured for 6 hours with the CD19+ Raji lymphoblastic cell line and 

subsequently assessed via flow cytometry for activation of NFκB and upregulation of CD69. 

It was immediately evident that mutation of the CD28 stalk cysteine to generate the Yes-Cys 

Mut construct resulted in a noticeable reduction in both CD69 and NFκB activation, 

although this difference only reached statistical significance in the case of CD69 

upregulation (Fig 5.11). ProCAR designs by comparison exhibited a phenotype similar to Cys 

Mut, suggesting that their reduction in signalling capacity was likely a result of the mutation 

of the CD28 stalk cysteine residue also present in Yes-Cys Mut. Given that earlier 

experiments on the FRP5 CAR background did not identify a clear correlation between NFκB 

activation or CD69 upregulation and primary T cell functionality I reasoned that given the 

Yescarta CAR panel of designs was still signalling competent, primary T cell experiments 

would be worthwhile pursuing. 
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Figure 5.11. Yescarta proCAR initiate T cell signalling. BW5147 cells expressing Yescarta 

proCARs were co-cultured for 6 hours with CD19+ Raji B cells. Surface staining and flow 

cytometry was used to quantitate CD69 expression and NFκB activation. N=3, mean +/- SEM. 

P-values calculated using one-way Anova statistical test. 

 

Preliminary evaluation of Yescarta-proCAR panel in primary mouse T cells 

Yescarta Reference, Cys Mut and proCAR constructs were expressed in primary mouse T 

cells to assess their ability to trigger cytotoxicity and cytokine release. HEK293T cells 

ectopically expressing human CD19 were used as target cells, with parental HEK293T cells 

used as antigen-negative controls. This preliminary experiment was conducted by Dr. 

Ashleigh Davey, with additional replicates currently underway at the time of writing. Myc-

tag surface staining indicated that expression in primary mouse T cells appears to match 

closely with expression levels observed in the BW5147 cell line, with Yes-reference CARs 

expressing at higher levels than both Yes-Cys-mut and Yes-proCAR designs (Fig 5.12A). 

Levels of IFNg, IL-2 and TNFa release were lower in Yes-Cys Mut and Yes-proCAR T cells 

compared to Yes-Reference CAR T cells, while in the case of IFNg and IL2 cytokine output 

was lower than observed in FRP5 CAR experiments (Fig 5.12C). By contrast measurement of 

these same CAR T cells in a cytotoxicity assay indicated that Yescarta reference and Cys-mut 

constructs demonstrated indistinguishable killing ability, while Yescarta proCAR2 and 

proCAR3 T cells appeared to present a subtle enhancement in target cell killing (Fig 5.12B). 
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However, these observations remain to be replicated and further experiments are currently 

underway to confirm these findings.   

 
 

 
Figure 5.12. Yescarta proCARs demonstrate robust primary T cell activity. Yescarta proCAR 

panel was expressed in primary mouse CD8+ T cells. A) Representative floy cytometry plots 

showing myc staining (Y-axis) vs. pMSCV IRES mCherry expression (x-axis). CAR T cells were 

subjected to either A) chromium killing assay or B) cytokine release assay via co-culture for 

4-hours or 24-hours respectively, co-cultured with either CD19+ 293T cells or CD19- parental 

293T cells. Experiment conducted by Dr. Ashleigh Davey. 

 

5.3 Discussion 

CD28TM drives CAR cytokine release, not cytotoxicity 

Through the rational design of mutations to a conserved dimerization motif in the CD28 TM 

domain we have elucidated a previously unappreciated role for lateral hetero-typic 
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interactions in CAR function. This CD28TM mutant exhibited a reduction in its ability to 

recruit endogenous CD28 when compared to Reference CAR, a phenotype that was re-

capitulated in the significantly reduced co-recruitment of CD28 by proCAR2 compared to the 

FRP5 Cys Mut receptor. These results suggest not only that the CD28TM dimerization motif 

is central to the recruitment of endogenous CD28, but also that the lack of this motif in 

proMP sequences is also likely responsible for reducing CD28 recruitment in proCAR 

designs. These findings were very recently supported by a study showing that the CD28TM 

drove CAR interactions with endogenous CD28 that were detectable by co-IP and also 

required the polar dimerization motif (Muller et al., 2021). Our study extends these findings 

by highlighting a correlation between the CD28TM dimerization motif and CAR-induced 

cytokine release. The targeted mutation of this motif resulted in a dramatic reduction in 

release of IL-2, TNFa, IFNg and GM-CSF, in line with the reductions observed when the 

CD28TM sequence was removed entirely to permit proMP insertion. In contrast, mutation 

of the YSx3T motif did not affect CAR T cell cytotoxicity in vitro, as the CD28TM mutant 

displayed equivalent target cell killing to Reference FRP5 CAR. This phenotype recapitulates 

previous observations that ablation of CD28 signalling via mutation of canonical CD28 tail 

signalling motifs resulted in equivalent in vitro cell killing but attenuated cytokine release 

(Moeller et al., 2004). Our findings suggest a surprising, overlapping role for CD28TM and 

cytosolic motifs and suggest that the CD28 tail and TM domain both contribute significantly 

to CD28 signalling in the context of 2nd generation CAR constructs.  

 

While these findings are highly suggestive of a functional role for interactions between CARs 

and endogenous CD28, confidence in this conclusion would be greatly enhanced by 

validation using orthogonal biochemical approaches. For example, a fluorescence resonance 

energy transfer (FRET)-based approach would be capable of detecting CAR/CD28 protein 

colocalization within a radius of 10nm (Algar et al., 2019), which would further support the 

involvement of direct protein-protein interactions between TM domains. It will also be 

important in subsequent studies to account for the difference in surface expression 

between Reference and CD28TM mutant CARs. It is unclear what impact large differences in 

surface expression impart upon the co-clustering analysis presented above and it is possible 

that the low levels of surface expression of the CD28TM mut CAR may impair the 

recruitment of sufficient concentrations of endogenous CD28 to be effectively visualised. 
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Previous studies have identified that mutation of the mouse CD28 YxxxxT motif reduces 

surface expression in the context of full-length CD28 (Leddon et al., 2020), suggesting that 

reducing expression levels of Reference CAR may serve as a more practical and relevant 

control for future co-clustering or FRET experiments. Such a control would also be useful in 

investigating the impact of receptor surface expression on CD28TM mut CAR function. 

Studies investigating the functional relevance of antigen density have previously observed 

that cytokine expression is more readily attenuated than target cell killing, in line with the 

observed phenotype of the CD28TM mut (Majzner et al., 2020). However, the functional 

relevance of surface expression by comparison does not appear to be linear or consistent 

between CAR designs (Walker et al., 2017) and therefore it is difficult to predict the 

functional implications of attenuated surface expression on the CD28TM mut CAR. 

Interestingly, expression of the CD28TM mut CAR appeared more comparable to Reference 

when expressed in the BW5147 T cell line. This observation suggests that these two systems 

may engender differences in CAR trafficking and/or surface stability. 

 

The comparison of HER2 proCAR2 and reference, both dimeric receptors, clearly 

demonstrates that the CD28 cytosolic tail alone is insufficient to compensate for the loss of 

CD28 TM domain in terms of cytokine release. Furthermore, proCAR3 demonstrates that 

increasing the number of CD28 tails/CAR complex (3 in proCAR3 versus 2 in Reference) only 

partially compensates for reduced cytokine expression due to the loss the CD28 TM domain. 

Assuming the underlying mechanism of the CAR CD28TM is to increase the number of CD28 

signalling tails (in the form of laterally associated endogenous CD28 molecules) per CAR 

complex, then it is possible that higher order oligomeric proCARs may be capable of 

elevated cytokine expression compared to proCARs1-3. This hypothesis is supported by the 

subtle, yet consistent enhancement of cytokine release exhibited by proCAR3 compared to 

proCAR1 in primary mouse T cell experiments (Fig 4.15B). 

 

Given the proposed complexity of the CD28 signal transduction mechanism a potentially 

more nuanced influence of CAR CD28TM sequences on endogenous CD28 signalling should 

also not be discounted. The cytosolic tails of CD28 are capable of associating with the 

plasma membrane inner leaflet, an interaction that is disrupted upon ligand binding 

(Dobbins et al., 2016). It has been suggested that ligand binding induced alterations in the 
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CD28 TM dimer may be responsible for triggering such cytosolic tail re-arrangements. 

Interestingly, ligand binding induced changes in association of the cytosolic tails of CD3z and 

the inner leaflet have also been observed (Zhang et al., 2011, Aivazian and Stern, 2000). 

Additionally, physical re-arrangements in the CD3z TM dimer have been observed in 

response to ligand binding, (Lee et al., 2015). Given that both the CD3z and CD28 TM 

domains share the conserved Yx4T dimerization motif it is possible that these receptors 

possess homologous features of signal transduction. Hence, as new data concerning the 

signal transduction mechanism either of these native receptors comes to hand, the 

relationship between CD28TM sequence and signal transduction should be carefully re-

evaluated. 

 

It was also notable that western blot analysis suggested that the CD28TM mut CAR was still 

capable of forming covalent homodimers at the cell surface, in spite of the ablation of 

potential hydrogen bonding pairs. Other reported attempts to disrupt this dimerization 

interface in native CD28 (Leddon et al., 2020) and CARs (Yannick. D. Muller, 2020) have 

utilised leucine residues, which may be more disruptive, particularly compared to the 

conservative TM mutations we chose (YSx3T to FAx3V). This may suggest that our 

conservative mutations still allow some degree of CD28TM dimerization, with sufficient 

affinity to facilitate covalent CAR dimerization. However, to test this hypothesis 

reproduction of previously published LLxxxL CD28TM mutations in the context of the FRP5 

CAR background would be required. It is also possible that other domains within the FRP5 

CAR contribute to homodimerization, for example the scFv domains via domain-swapping 

(Gil and Schrum, 2013) as discussed in section 4.3. Given the irreversible nature of disulfide 

bonds (under normal cellular conditions) it is likely that such interactions, even if weak, 

combined could build up to the degree of covalent dimerization observed. Most 

importantly, however, the co-clustering analysis indicated a notable reduction in 

recruitment of endogenous CD28, demonstrating that our more conservative TM mutations 

do interfere with heterotypic CD28-CAR association. 

 

Untangling the proCAR phenotype from CD28 stalk cysteine mutation contributions 

While experiments on the Yescarta background are ongoing, several observations can 

inform the development of future refinements to these CAR designs. Our preliminary 
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interpretation of the influence of proMP insertion is complicated by the observation that 

mutation of the CD28 stalk cysteine alone results in a functional profile different to that of 

the Yescarta reference CAR. Yescarta Cys Mut surface expression as measured by surface 

staining and flow cytometry was notably lower than that of reference in both primary T cells 

and the BW5147 T cell line. By contrast, figure 5.10 demonstrated that levels of receptor 

recovered via surface capture of scFv using a polyclonal anti-IgG antibody were inconsistent 

with results from flow cytometry data. Combined, these data make it difficult to infer the 

impact of proMP insertion on receptor expression and stability. For this reason, alternative 

affinity reagents should be considered for the quantification of Yescarta surface expression, 

for example protein L affinity reagents capable of robust, pan-scFv binding (Zheng et al., 

2012). 

 

CD69 expression of all Yescarta proCARs were significantly attenuated compared to Yescarta 

reference, however differences between the proCARs and Cys Mut were smaller and not 

statistically significantly. A similar trend was observed of NFκB activation, albeit variability 

obscured these results to a degree. This data suggested that mutation of the stalk cysteine 

was contributing to this attenuation of signalling. This effect may have been related to 

reduced surface expression levels, given that proximal CAR signalling has been observed to 

correlate with receptor surface expression in vitro (Walker et al., 2017). A solution to this 

issue may rest in the re-introduction of a stalk cysteine residue to the Yescarta proCAR2 

design. These modifications could be reasonably expected to restore signalling deficiencies 

associated with stalk cysteine mutation and allow independent determination of the 

functional relevance of TM sequence in Yescarta CAR proximal signalling. 

 

Interestingly, signalling deficiencies identified in the BW5147 cell line did not correlate with 

target cell killing measurements in primary CAR T cells. Yescarta reference, Cys Mut and 

proCAR1 all demonstrated comparable killing, whereas proCAR2 and proCAR3 target cell 

cytotoxicity was at the very least comparable if not slightly enhanced compared to Yescarta 

reference and Cys Mut CARs. These observations were consistent with the pattern of 

cytotoxicity observed of the FRP5 CAR panel, where proCAR2 and proCAR3 demonstrated 

enhanced target cell killing. Although repeat measurements of the Yescarta proCAR panel 

are required to conclusively quantitate this relationship, these preliminary results 
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promisingly point to a consistent phenotype of enhanced target cell killing in vitro by 

proCARs compared to reference constructs and a positive correlation between oligomeric 

state and cytotoxicity. 

 

A role for lateral protein interactions in CAR function 

These findings suggest a previously underappreciated function role for lateral interactions 

between CAR framework regions and endogenous proteins at the T cell membrane. While 

our study focussed directly on the role of the CD28 TM domain, it raises the possibility that 

other frequently used CAR hinge and TM domains may also contribute in unforeseen ways 

to receptor function. For example, CD8a is known to efficiently form homo- and 

heterodimers with CD8a and CD8b respectively, via interactions within their stalk and TM 

domains as well as their extracellular Ig domains (Hennecke and Cosson, 1993, Chang et al., 

2005). This leaves open the possibility for CD8a stalk and TM sequences also prevalent 

among 2nd generation CAR architectures to facilitate interactions with these endogenous 

proteins at the cell surface in CD8+ T cells. Given the emerging importance of stalk and TM 

domains on CAR function (Majzner et al., 2020, Alabanza et al., 2017, Ying et al., 2019), 

determining the functional relevance of such lateral interactions will be crucial to the 

continued improvement of CAR T cell therapies.  
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Chapter 6 Concluding Remarks and Future Directions 

 

Efforts to improve CAR construct design currently serve as one of the key pillars of 

advancement in the search for safer, more effective and more widely applicable CAR-T cell 

therapies. In addition to complex and creative efforts to completely redesign signalling 

circuits (Roybal and Lim, 2017, Labanieh et al., 2018), it is now clear that an improved 

understanding of the basic receptor biology of widely used 2nd generation CARs permits 

significant modulation of CAR T cell efficacy and safety. This is exemplified by recent studies 

that have for example uncovered the relevance of CD3z ITAM stoichiometry and position 

(Feucht et al., 2019, Majzner et al., 2020) and CAR ubiquitin-mediated downregulation (Li et 

al., 2020) and exploited these fundamental principles to improve CAR therapies. Our work 

on oligomeric proCAR designs contributes to this growing understanding of basic receptor 

biology of 2nd generation CARs, whilst in and of itself presenting an opportunity to 

immediately improve CAR safety and efficacy. 

 

6.1 Therapeutic potential of HER2-specific proCARs 
 
The in vitro and in vivo performance of the FRP5 proCAR panel described in Chapter 4 has 

the potential to drive improvements in various clinically relevant HER2-specific CAR therapy 

settings. One of the most promising avenues for the clinical translation of our findings is in 

the use of our FRP5 CARs in the treatment of glioblastoma. The safety of HER2-targeted CAR 

T cell treatment for glioblastoma has been established in phase 1 clinical trials (using CARs 

composed of FRP5 scFv-IgG1 stalk-CD28 TM-CD28 tail-CD3z tail), however such treatments 

have resulted in only modest improvements to patient outcomes (Ahmed et al., 2017, 

Ahmed et al., 2015). One hurdle faced in the optimization of such therapies is the incidence 

of neurotoxicity initiated by CAR T cell mediated activation of myeloid cells which 

subsequently release inflammatory cytokines within the central nervous system (Neelapu et 

al., 2018). Neurotoxicity is encountered frequently in CAR T cell treatments of 

haematological malignancies, particularly in the case of CARs containing CD28 costimulatory 

domains (Davey et al., 2020). For this reason, dosing of CAR T cells in the treatment of 

neurological malignancies has proceeded cautiously in trials thus far (Ahmed et al., 2015, 

Ahmed et al., 2017). There is a case to be made that proCAR-T cells may offer an advantage 
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compared to standard FRP5 CARs in the advancement of these therapies in light of the real 

concerns of neurotoxicity. Given that proCARs exhibit a dramatic reduction in cytokine 

release whilst still maintaining cell killing potential (proCAR3 in particular), we would 

propose that higher dosages of proCAR T cells may be possible compared to reference FRP5 

CARs, with a lower risk of CAR T cell induced neurotoxicity. Dose escalation studies are 

currently planned at the time of writing with the aim of testing this hypothesis in the 

previously described MC38-HER2 mouse tumour model, however collaborations with A/Prof 

Misty Jenkins (brain cancer immunotherapy lab at WEHI) have been established with the 

aim of concurrently exploring this hypothesis in the context of mouse models of human 

brain tumours. 

 

6.2 Translating the proCAR approach to alternative CAR architectures 
 
Part of the intended benefit of our proCAR approach was the potential for broad application 

in various CAR constructs. Therefore, while investigating the utility of proMP designs in the 

context of the Yescarta CAR provided a means of interrogating our hypothesis of CD28TM 

heterotypic interactions, it also provided the first test of the broader applicability our 

proCAR approach. Our experience with Yescarta proCAR designs highlighted the potential 

for proMP sequences to facilitate expression of constructs with varied components but also 

to elicit a comparable primary T cell phenotype in response to different target antigens. 

Further experiments are required to reliably quantify the effect of proMP sequences on 

Yescarta function in vitro and in vivo, however the results presented in this thesis provide an 

encouraging sign that the results obtained in FRP5 in vivo models may realistically be 

achievable via proMP insertion into any CD28TM containing CAR.  

 

While a large proportion of CAR designs in clinical use or undergoing clinical trials utilise 

CD28 stalk/TM/tail sequences, a significant number of CAR T cell therapies utilise CARs 

composed of a CD8a stalk/TM framework region connected to 4-1BB and CD3z tails. Testing 

the relationship between oligomeric state and the functionality of CD8a-41BB-CD3z CAR 

constructs is therefore a high priority within our lab. However, there are two notably 

different characteristics of CD8a-41BB-CD3ζ CARs compared to CD28TM/tail-CD3z CARs 

which suggest that slightly different results may be expected. Firstly, CD8a stalk/TM 
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containing CARs are associated with reduced levels of cytokine release compared to those 

incorporating CD28 stalk/TM/tail components (Majzner et al., 2020, Alabanza et al., 2017).  

Hence, the use of proMP sequences on the background of a CD8a-41BB-CD3ζ CAR may 

present an opportunity to assess in vivo advantages to higher oligomeric states on tumour 

control without the confounding impact of comparative reductions in cytokine output as 

illustrated by our preliminary in vivo experiments in Chapter 4. A second key consideration 

between these CAR designs is that the costimulatory 4-1BB tail derives from a tumour 

necrosis factor receptor superfamily (TNFRSF) protein of the same name. Activation of TNFR 

family members is regulated by alterations in oligomeric state, with TNFR tails responsible 

for binding trimeric signalling complexes to initiate downstream signalling (Vanamee and 

Faustman, 2018). Furthermore, recent publications have highlighted that in other members 

of the TNFR family, transitions in receptor oligomeric state from monomer to trimeric or 

even higher-order arrangements are associated with receptor activation (Karathanasis et al., 

2020, Pan et al., 2019, Fu et al., 2016). While data surrounding the oligomeric determinants 

of 4-1BB signalling are currently lacking, particular care will be required when controlling 4-

1BB tail containing CARs that constitutive, antigen-independent receptor activation is not 

initiated, in particular by trimeric TM arrangements. With these considerations in mind, 

proMP1, proMP2.2 and proMP3 have been cloned into the Kyrmiah clinically-approved CAR 

construct, possessing CD19-specific CAR-CD8a stalk/TM-4-1BB tail-CD3ζ tail at the time of 

writing. Additionally, a construct has been designed with CD8a TM domain in place of the 

CD28 TM domain of the FRP5 reference CAR (FRP5-CD8a stalk-TM-CD28 tail – CD3ζ), with 

the primary aim of benchmarking the cytokine release of FRP5 proCARs already described in 

this thesis against the relatively low levels of cytokine release expected of an FRP5 CAR with 

CD8a stalk/TM domains. 

 

An important question that remains to be tested using our proCAR panel is whether 

increases in CAR oligomeric state correspond with increases in antigen sensitivity. 

Experiments conducted in BW5147 cells demonstrated that signalling and activation of all 

CARs was reduced in response to target cells expressing low levels of HER2, however no 

significant differences in signalling or activation were observed between Reference and 

proCARs in response to these low-antigen expressing targets (Fig 4.13). These findings 

warrant further investigation in primary mouse T cells, given the observations by others that 
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altering CAR potency can result in differential primary T cell activity according to antigen 

expression level (Liu et al., 2015, Majzner et al., 2020). The significance of tuning CAR 

sensitivity to ligand density is that it offers an opportunity to circumvent issues associated 

with on-target, off-tumour cytotoxicity directed at healthy tissues expressing low levels of 

HER2. However, reference FRP5 CAR does not display obvious signs of such autoimmunity 

when administered in tumour mouse models using human HER2-expressing transgenic mice 

(Wang et al., 2010). Instead, there are several other CAR T cell antigen targets which may 

represent more clinically relevant models for investigating the relationship between CAR 

oligomeric state and ligand density. For example, resistance to anti-CD22 CAR T cell therapy 

in the treatment of relapsed and refractory B-ALL has been observed due to the selection of 

tumour variants expressing low levels of CD22 (Fry et al., 2018). Hence, CD22-specific CARs 

may offer a clinically beneficial model in which improvements in CAR sensitivity to low levels 

of antigen via alterations in CAR oligomeric state would potentially improve targeted 

treatment of CD22-low relapse. 

 

In this regard another exciting avenue of CAR T cell development involves the targeting of 

peptide antigens presented by MHC. Such CARs utilize scFv domains capable of binding MHC 

complexes presenting oncogene-associated peptide-MHC (pMHC) complexes. One of the 

key differences between surface proteins, such as CD19, and pMHC targets is that surface 

expression levels of pMHC are likely to be lower by approximately 103-fold (Olejniczak et al., 

2006, Rammensee et al., 1993). One of the remarkable features of CD8+ cytotoxic T cells is 

their ability to kill target cells expressing fewer than 10 copies of cognate pMHC (Irvine et 

al., 2002, Purbhoo et al., 2004), but recapitulating this sensitivity represents a theoretical 

barrier to the success of pMHC-targeted CAR T cells (Oren et al., 2014). While preclinical 

evidence has validated the potential of this approach (Willemsen et al., 2001, Zhang et al., 

2014, Zhao et al., 2015a, Rafiq et al., 2017), unfortunately human clinical trials are yet to 

materialize. There is evidence that ensuring antigen specificity of such CARs may rely on 

incorporating low-affinity pMHC-specific scFvs in place of high-affinity clones (Maus et al., 

2016), mirroring the observation that productive pMHC:TCR interactions in nature are 

overwhelmingly of comparatively low affinity (with micromolar rather than nanomolar 

dissociation constants, in the range of 1000-fold lower) (Matsui et al., 1991, Weber et al., 

1992). In this regard, controlling CAR oligomeric state via proMP TM sequences offers an 
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enticing opportunity to mimic another important aspect of TCR biology, that is the lateral 

recruitment of large numbers of signalling tails (Fig 1.3). Such an approach may be expected 

to increase the potency of pMHC-targeted CARs and will be a worthwhile consideration 

should current approaches to pMHC-targeted CARs fail to translate clinically. 

 

6.3 Extending proMP use to answer open questions in CAR biology. 
 
There are several interesting biological questions within the CAR-T cell field where the 

application of proMPs capable of dictating oligomeric state may be of particular use. For 

example, there is a growing understanding that membrane proximity of cytosolic CAR 

domains influences their functionality. Costimulatory domains situated in the N-terminal 

position (closer to the membrane) exhibit a dominant influence over CAR T cell phenotype 

in the context of both 2nd and 3rd generation CAR designs (Guedan et al., 2018, Finney et al., 

1998, Hombach et al., 2012, Pule et al., 2005). Additionally, membrane proximity was shown 

to drive favourable T cell phenotype in 2nd generation CARs encoding only one active version 

of the 3 CD3z ITAMs (Feucht et al., 2019). These studies strongly suggest there may be an 

inherent advantage in multiplying signalling motifs by laterally associating CARs into stable 

oligomers, as opposed to linearly extending tails. This was recently demonstrated in a study 

comparing HIV-directed CARs where a third-generation design encoding a CD28-4-1BB-CD3z 

(dual-costimulatory sequence) tail was out-performed by T cells expressing two separate 

CD28-CD3z and 4-1BB-CD3z (each with a single costimulatory sequence) CAR designs 

(Maldini et al., 2020). In this case it appears that lateral association of two costimulatory 

domains located close to the membrane was superior to a configuration in which one of the 

two was necessarily located further from the membrane. 

 

Modulation of CAR oligomeric state using proMP sequences may serve as a useful tool 

capable of extending these findings and providing added value to the next generation of 

CAR designs. For example, while a CAR encoding a single membrane-proximal ITAM 

demonstrated improved T cell phenotype (Feucht et al., 2019), the same construct was 

demonstrated to possess reduced cytotoxicity in response to low antigen expressing cells 

(Majzner et al., 2020, Feucht et al., 2019). Oligomerization of CARs encoding a single, 

membrane proximal ITAM may have the potential to increase CAR potency whilst also 
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achieving a favourable pro-survival, anti-inflammatory phenotype. Work is also underway to 

validate a modified proMP pipeline capable of designing heterodimeric TM assemblies, 

which if successful may present an opportunity to generate hetero-typic arrangements of 

CAR constructs each encoding a different costimulatory domain. This presents an 

opportunity to enhance the performance of 3rd generation CARs, by ensuring equivalent 

membrane proximity of several costimulatory domains in a single CAR complex. The 

modularity of the proCAR platform would very easily permit the experiments described 

above and has the potential to add value to a variety of other CAR designs currently in a 

preliminary stage of functional validation. 

 

6.4 proMP sequences as receptor engineering tools 
 
While the field of CAR protein engineering was a logical and impactful first-case use for the 

TM sequences generated by the proMP pipeline, several other biological applications have 

the potential to make use of these oligomeric tools. One of the strengths of this approach is 

the ability to generate several sequences capable of adopting the same oligomeric state 

albeit with differing packing geometries. There is a growing appreciation that structures 

adopted by the TM domains of many type-I receptors are dynamic and capable of 

influencing signalling. For example, the TM domains of Receptor Tyrosine Kinases (RTK’s) 

such as the EGFR family have been shown capable of adopting two mutually exclusive 

conformation predicted to correspond with active and inactive states (Li and Hristova, 2006, 

Bocharov et al., 2008). A role for dynamic modulation of TM structure in signal transduction 

pathways has also been suggested for CD28 (Leddon et al., 2020, Sanchez-Lockhart et al., 

2011, Sanchez-Lockhart et al., 2014) and CD3z (Lee et al., 2015). However, due to the 

technical complexity of determining structures of TM domains, establishing what structures 

correspond with active/inactive receptor states remains a significant challenge. This 

presents a significant opportunity for the proMP panel of de novo designed dimeric TM 

domains described in Chapter 3. These sequences exhibit a variety of predicted crossing 

angles and depths and are selected for the ability of each design to adopt a single 

conformation with a high degree of stability. By splicing such sequences into native 

receptors, it may be possible to characterize the TM orientations required (or otherwise) for 

signal transduction. Optimization of the proMP design process has also allowed the design 
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of a panel of trimeric TM sequences, differing in their interface motifs and geometries. 

These sequences could foreseeably be used to test the relationship between trimer 

geometry and signal activation of trimeric receptors, such as those within the Tumour 

Necrosis factor receptor family (TNSRF). 

 

In recent years the de novo design of soluble proteins with diverse homo- and hetero-

oligomeric states have rapidly advanced the concept of wholly synthetic logic gates and 

circuitry within cellular systems (Chen et al., 2020). ProMPs represent the first example of 

de novo designed single-pass TM oligomers and as such they are prime candidates to be 

used in combination with these systems in pursuit of wholly synthetic biological circuits. The 

fusion of proMPs with de novo designed catalytic subunits could foreseeably engender 

synthetic circuits with transmembrane signalling potential or enable simultaneous 

membrane targeting and oligomerisation of circuitry components. 
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