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Abbreviations 

AD    Alzheimer�s Disease 
AGE    advanced glycation end-products 
AP-1    Activator Protein (AP)-1 
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[Ca2+]i    cytosolic-free calcium concentration 
CB1     cannabinoid receptor-1 
CB2    cannabinoid receptor-2 
COX-2    cyclooxygenase-2 
CTLA-4   cytolytic T lymphocyte-associated antigen- 4 
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H2O2    hydrogen peroxide 
HNF-4a   hepatocyte nuclear factor-4a
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IFNg    interferon-g
IL-1    interleukin 1 
IL-2    interleukin 2 
IL-4    interleukin 4 
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L-chiro-Ins(2,3,5)PS3  L-chiro-inositol 2,3,5-trisphosphorothioate 
IP-10     IFN- inducible 10-kDa protein/CXCL10 
I-TAC     IFN-inducible T cell chemoattractant/CXCL11  

mAb    monoclonal antibody 
MCP-1/CCL2   monocyte chemotactic peptide-1/CCL2 
MDC/CCL22   macrophage-derived chemokine/CC chemokine ligand 22 
MHC/Ag   major histocompatibility complex/antigen  
MIF     macrophage migration inhibitory factor 
MIG     monokine induced by human IFNg/CXCL9,  

NFkB    nuclear factor-kB  
NO        nitric oxide 

P2RX    purinergic ionotropic receptors  
PAF    platelet activating factor 
PBL     peripheral blood-derived T lymphocytes 
PGE2    prostaglandin E2 
PI     phosphoinositide 
PI3K    phosphoinositide 3-kinase 
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PtdIns,    phosphatidylinositol 
PI(3)P    phosphatidylinositol-(3)-monophosphate;  
PI(3,4)P2   phosphatidylinositol-3,4-bisphosphate;  
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PKC    protein kinase C  
PLC     phospholipase C 
PH    pleckstrin homology  
PRMT    protein arginine methyltransferases 
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ROS     reactive oxygen species 

SDF-1/CXCL12  stromal cell-derived factor-1/ CXC chemokine ligand 12 
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SHIP Src homology 2 domain containing protein tyrosine 
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shRNA short hairpin RNA  

STIM    stromal interaction molecule  

TARC/CCL17 thymus- and activation-regulated chemokine/CC chemokine 
ligand 17  

Th    T helper cells 
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Abstract 

This collection of published primary papers, reviews and commentaries spans over 30 years 
of research.  Collectively, they describe a body of work that has used interdisciplinary 
pharmacological, biochemical, cellular, molecular and genetic approaches to better 
understand the signal transduction events in leukocytes and epithelial cells that contribute 
to either immune activation and inflammation, cancer, metaplasia and/or morphogenesis    
Ultimately, this  has been with a view to the identification of new drug targets and developing 
new therapies primarily for inflammatory disease, but also for cancer and regenerative 
medicine. 

The papers presented demonstrate how my laboratory initially explored how antigen 
receptors, chemokines and cytokines control activation of T lymphocytes, key cells in the 
adaptive immune system.  The strategy was to rigorously interrogate T lymphocyte biology 
at the fundamental level of biochemical signal transduction, with particular focus on the 
nature and functional relevance of receptor-operated calcium mobilisation and 
phosphoinositide lipid metabolism in human lymphocytes and leukemic T cell lines.  

Eventually, I became focussed on phosphoinositide 3-kinase (PI3K)-dependent signalling 
and associated functional events in leukocytes.  My interests developed further to explore: 
(i) the role of PI3K in functional events downstream of inflammatory mediators in colonic 
epithelial cells and their relevance to colitis and Crohn�s disease; (ii) signaling mechanisms 
involved in Barrett�s Metaplasia, a pathogenic  condition characterized by replacement of 
stratified squamous epithelium of the distal oesophagus by columnar epithelium; (iii) the 
role of PI3K in embryonic lung branching morphogenesis, a key developmental process for 
the formation of many epithelial organs and (iv) novel post-translational protein 
modifications such as glycation and methylation.    

More recently it has become clear that activation state of the PI3K pathway is correlated to 
a poor prognosis particularly in breast cancer patients. Given that PI3K inhibitors have 
entered the clinic for cancer, prognostic novel quantitative fluorescent microscopy 
methodology has been developed that identifies cancers in which PI3K is activated. Such 
approaches could be used in personalised medicine to better identify patients who would 
benefit from PI3K inhibitor treatment. 

.  
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Research Career Synopsis 

The aim of my research over the past 30 years or so, has been to use interdisciplinary 
pharmacological, biochemical, cellular, molecular and genetic approaches to better 
understand the signal transduction events that lead to activation of the immune response 
with particular respect to leukocyte activation (primarily T lymphocytes). Ultimately has been 
with a view to the identification of new drug targets and developing new therapies primarily 
for inflammatory disease but also for cancer. 

I studied pharmacology at Chelsea College (later to be merged with King�s College London 
in 1984) between 1981-1985. My initial interest in research was sparked by an 
undergraduate pharmacology sandwich year at the Parke-Davis Neuroscience Research 
Unit in Cambridge at the Addenbrookes hospital that had close links with the Cambridge 
University Pharmacology Department.  This was an inspirational location for an industrial 
placement as the Director was Professor John Hughes who with Hans Kosterlitz, had 
discovered enkephalins, naturally occurring molecules from the brain, with activity 
resembling opioids. The research unit was funded by the US pharmaceutical company 
Warner Lambert with research focussed on developing new opioid drugs as well as 
characterising peptide neurotransmitters. This included the peptide cholecystokinin which 
had been implicated in the regulation of gut motility and modulation of appetite. During this 
placement year, I was engaged in performing in vivo assays on a weekly basis to screen 
compounds for analgesic properties. My placement project however, was based on 
characterising a plethora of cholecystokinin peptide analogues as agonists and antagonists 
of contractile responses of guinea pig myenteric plexus smooth muscle.  

After 12 months in Cambridge immersed in neuropharmacology, I returned to King�s College 
London (at the Chelsea campus) to complete my pharmacology degree.  Having been 
previously been focussed on neuropharmacology research on placement, I was inspired by 
two final year units to pursue a PhD in the area of cell signaling and immunopharmacology.  
The first of these was entitled Molecular Pharmacology and I vividly remember being given 
a reading list for this unit which included two seminal reviews published in two separate 
issues of Nature.  The first review was published in April 1984 while I was on placement 
and authored by Yasutome Nishizuka based in Kobe, Japan.  This review described 
evidence that protein kinase C (PKC) had a crucial role in signal transduction for a variety 
of biologically active substances which activate cellular functions and proliferation (1). The 
review described that when cells are stimulated, PKC is transiently activated by 
diacylglycerol (DAG) which is produced in the membrane during the signal-induced turnover 
of phosphoinositide (PI) lipids. Moreover, the enzyme probably serves as a receptor for the 
tumour promoters and that this enzyme �may provide clues for understanding the 
mechanism of cell growth and differentiation�. The second review, published a few months 
later was authored by Michael Berridge and Robin Irvine who were working in Cambridge, 
UK.  This article described the rapid progress in understanding receptors that generate 
intracellular signals from inositol phospholipids (2). One of these lipids, phosphatidylinositol 
4,5-bisphosphate [PI(4,5)P2], was described as being hydrolysed to diacylglycerol and 
inositol trisphosphate [Ins(1,4,5)P3] as part of a signal transduction mechanism for 
controlling a variety of cellular processes including secretion, metabolism, 
phototransduction and cell proliferation. Collectively, these reviews described a pathway in 
which diacylglycerol operates within the plasma membrane to activate protein kinase C, 
whereas inositol trisphosphate is released into the cytoplasm to function as a second 
messenger for mobilizing intracellular calcium.   The impact of these reviews on me was 
immense and has in effect, inspired and shaped my entire research career. I was hooked 
on signal transduction!  

The second influential undergraduate taught unit was entitled �Local Hormones and 
Mediators of Tissue Injury� (3).  This unit introduced me to immunology for the first time and 
I became intrigued by the process of inflammation.  I was exposed to external visiting 
lecturers who were actively researching in the field.  Many of the lecturers on this course 
referred to two sources of recommended reading: (i) the Textbook of Immunopharmacology 
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(edited by Maureen Dale and John Foreman) and (ii) the 1983 July issue of the British 
Medical Bulletin (4) which was entitled Prostacyclin, Thromboxane and Leukotrienes (edited 
by Salvadore Moncada). Several speakers shared a common link, namely they had all 
worked at the Department of Pharmacology in the Institute of Basic Medical Science (later 
renamed the Hunterian Institute) within the Royal College of Surgeons. This department 
had been the home of several famous pharmacologists including Gus Born, father of the 
platelet aggregometer.  It was also where John Vane had performed the seminal studies 
that were instrumental in the understanding of how aspirin produces pain-relief and anti-
inflammatory effects and with whom many of the external speakers on my undergraduate 
unit had worked with.  These two undergraduate units did more than any other aspect of 
the King�s/Chelsea pharmacology programme to inspire me and made me realise that my 
future lay in cell signaling, inflammation and immune research.  I wanted a piece of the 
action!    

September 1985-August 1988 
 Institute of Basic Medical Sciences, Royal College of Surgeons, London 

After gaining my BSc (1st class) in Pharmacology, I joined Dr John Westwick�s group to start 
a PhD on the 2nd September 1985 at the Royal College of Surgeons!    

During my PhD studies, I examined the nature of receptor-operated calcium mobilisation 
and phosphoinositide (PI) lipid metabolism, mainly in human monocytes and T 
lymphocytes.  I worked extensively with pharmacological tools targeting the Platelet 
Activating Factor (PAF) receptor and PKC in conjunction with fluorescent calcium indicators 
particularly the (at the time) relatively new tool Fura-2 and biological functional outcomes.  
The latter tool was unique at the time as it allowed us to accurately measure the impact of 
a variety of agonists on intracellular calcium levels in the presence or absence of receptor 
antagonists or inhibitors of various components of intracellular signaling pathways.  I initially 
focused on characterising the functional responses to PAF and expression of PAF receptors 
on monocytic cell lines.  Although the actions of PAF on platelets and neutrophils were well 
documented at the time, the actions of PAF on monocyte-macrophages, particularly of 
human origin, was less so. 

My major interest in T cell signaling developed in the last year of my PhD studies.  A 
collaboration with Dr Doreen Cantrell at the Imperial Cancer Research Fund, led me to 
explore the regulation of calcium mobilisation by PKC during activation of the T cell antigen 
receptor.  T cell activation requires interactions between multiple T cell surface structures 
and their respective ligands on antigen-presenting cells. Among these surface structures 
are the specifically rearranged heterodimeric T cell receptor and its associated invariant 
complex CD3, referred to as the T cell antigen receptor (TCR). Under physiological 
conditions, binding of the major histocompatibility complex/antigen (MHC/Ag) to the TCR is 
necessary to result in proliferation.  In the absence of antigen-presenting cells, optimal T 
cell activation by mAb directed against components of the TCR/CD3 complex is dependent 
upon extensive cross-linking of cell surface accessory activation antigens receptor with 
monoclonal antibodies (mAbs), that provide additional signals (e.g. CD2, CD4, CD7 CD28).  
Biochemical events can however be induced by ligation of individual receptors with specific 
mAbs and is still a common approach to study signaling events both in leukemic cell lines 
and human peripheral blood-derived T lymphocytes (PBLs) that been freshly isolated, 
activated and expanded in vitro.  The latter, (so-called �normal� T cells), provided a more 
physiologically relevant cell model than leukemic cell lines. Such approaches had already 
revealed that T lymphocyte activation via the TCR/CD3 complex results in elevation of 
cytosolic free calcium levels ([Ca2+]i) and PKC stimulation. These two biochemical signals 
synergise to induce the expression of interleukin-2 (IL-2) receptors, IL-2 production and 
hence T cell growth as described in a number of reviews (5-9) that served to subsequently 
inspire me to embark in post-doctoral studies with Doreen at the end of my PhD (see next 
section). The highlights of my PhD studies included:  

� robust pharmacological characterisation of PAF receptors present on U937 cells by 
measuring an early post-receptor event, namely elevation of [Ca2+]i. Receptor 
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characterization was aided by the use of natural and unnatural enantiomers of PAF, 
a racemic stable analogue, and selective PAF receptor antagonists1

� providing evidence that PBLs exhibited a unique role for PKC as a positive 
amplification signal in receptor operated calcium mobilisation. This is unique to T 
lymphocytes, since stimulation of PKC in other cell types (e.g. platelets, 
polymorphonuclear cells, leukemic basophils, pituitary cells, PC12 cells, 
hepatocytes or B lymphocytes inhibits receptor-operated elevation of [Ca2+]i2

In addition to the primary research articles to come out of this work, I published seven 
conferences contributions and three book chapters. Two of these chapters described for 
the first time, novel data that PAF regulated T lymphocyte proliferation and interleukin-1 
production from human adherent monocyte-macrophages1-2BC.  

September 1988-December 1991
Imperial Cancer Research Fund (ICRF), London 

My first post-doctoral position was in the multi-disciplinary Lymphocyte Activation Lab at the 
ICRF headed by Dr Cantrell, with whom I had collaborated as a PhD student.  During this 
period my interest in T cell biology and cancer (primarily leukemia and lymphoma) 
flourished.  Given that cancer shares many underlying mechanisms with inflammation, this 
was a perfect fit with my research interests. The laboratory explored how antigen receptors 
and cytokines control the development and immune activation of T lymphocytes; key cells 
in the adaptive immune system.  The strategy was to rigorously interrogate T cell biology at 
the fundamental level of biochemical signal transduction.  These strategies were again 
explored exclusively in the cell models I had adopted in my PhD studies namely PBLs and 
leukemic T cell lines.  To better interrogate and compare the mechanistic differences in 
signaling between these models, it was necessary to occasionally use cells that had been 
permeabilised by treatment with streptolysin-0 as this would allow us to manipulate 
intracellular events with pharmacological tools that were otherwise cell impermeable. For 
example, these included non-hydrolysable GTP analogue such as GTPgS to bypass cell 
surface receptor-induced responses.

Efforts were focussed on exploring the signaling events elicited during (i) T cell activation 
driven by the TCR/CD3 complex as well as the accessory molecule CD2, upon engagement 
with their cognate ligands MHC-Ag and LFA-3/CD58 respectively and (ii) the subsequent 
IL-2 driven growth and expansion of the activated T cell population. The surprising findings 
I had made in my PhD studies, concerning PKC activation leading to enhanced calcium 
signaling, underpinned the first 12 months of my post-doctoral research studies. Hence, I 
delved deeper into trying to understand the regulation of calcium signaling in relation to 
inositol phosphate generation by phospholipase C (PLC) which had been identified as the 
enzyme responsible for hydrolysis of Ins(1,4,5)P3 which in turn releases calcium from 
endoplasmic reticulum (ER) Ca2+ stores via Ins(1,4,5)P3 receptor (InsP3R) channels. 
Understanding how prolonged calcium influx occurred following depletion of InsP3R-
sensitve stores was an important question and a competitive field.  Ultimately, it would be 
discovered that the decrease in Ca2+ levels within the ER lumen is sensed by stromal 
interaction molecule 1 (STIM1) and STIM2 that activate ORAI1 proteins at the plasma 
membrane.  This in turn, induces store-operated Ca2+ entry which leads to sustained 
calcium influx that is necessary for activation of Ca2+-calmodulin and its target enzymes and 
transcription factors, most notably isoforms of nuclear factor of activated T cells (NFAT). 
We now know that a host of other plasma membrane channels are involved in mediating 
Ca2+ signals during T cell activation and include non-selective transient receptor potential 
channels, purinergic ionotropic receptors (P2RXs) and voltage-activated Ca2+ channels 
(10). 

My work revealed important insights into how T cells can exhibit heterogeneity with respect 
to the mechanisms that regulate PLC not only in PBLs versus leukemic cells but also 
between different T cells lines. This likely reflects different signal transduction mechanism 
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in T cells at various stages of activation and differentiation.  The highlights of the work 
performed in the first 12-18 months of my post-doctoral work were:

� revealing a difference with respect to the regulation of receptor-mediated calcium 
responses in �normal� PBLs versus leukemic T cell line Jurkat. For example, 
pharmacological activation of PKC with phorbol esters unexpectedly inhibits both CD3- 
and CD2-induced calcium responses in Jurkat cells3

� demonstrating the enhanced CD3-stimulated calcium responses induced by PKC 
activation that I had previously reported observed were also observed on CD2-
stimulated calcium responses3

� identifying that PKC activation appeared to accelerate the rate of elevation of 
intracellular calcium levels and increase the maximum change in response to CD3 and 
CD2 ligation.  The effect of PKC occurs at a point proximal to a guanine nucleotide-
binding protein regulation of cell calcium responses3

� demonstrating that in contrast to Jurkat cells, the leukemic T cell line HPB-ALL regulated 
[Ca2+]i in the absence of detectable coupling to phospholipase C or PKC4

� reporting that PKC activation inhibited TCR/CD3 stimulated PI metabolism in Jurkat 
cells as well as calcium-induced PI metabolism in permeabilized Jurkat cells. In marked 
contrast, PKC activation did not inhibit PI metabolism in PBLs by either TCR/CD3 or 
calcium in synergy with GTPgS5

It was also recognised that TCR/CD3-mediated PI(4,5)P2 hydrolysis is a sustained 
response in T cells which requires a substantial increase in the net synthesis of PI(4,5)P2.   
In the second 18 months of my post-doctoral studies, I recognised that PI(4,5)P2 had to be 
replenished by the balanced action of phosphoinositide 4- and 5-kinases as well as 
phosphatases specific for PI, PI(4)P and PI(4,5)P2.  By 1988, evidence was accumulating 
that another phosphoinositide lipid kinase existed and could phosphorylate lipids at the D-
3 position of the inositol ring to form the previously unknown lipids PI(3)P, PI (3,4)P2 and 
PI(3,4,5)P3 (11). There was considerable and growing evidence that this cellular lipid kinase 
activity was associated with oncogenic tyrosine kinases (11). These discoveries coincided 
with the recognition that tyrosine phosphorylation is essential for TCR/CD3-mediated T cell 
activation and protein tyrosine kinase activation is an obligate event for TCR/CD3-mediated 
PLC activation (12).  However, the role of phosphoinositide 3-kinase (PI3K) in T cells and 
how it was regulated was largely unknown.  As a result, my interest began to shift from 
understanding calcium and inositol phosphate signaling to exploring the expression, 
activation and role of PI3K in T lymphocyte biology.  During this period, the main highlights 
were: 

� demonstrating the existence of PI(3)P, PI(3,4)P2 and PI(3,4,5)P3 in T cells.  Activation 
of the TCR/CD3 complex or CD2 antigen resulted in elevation of PI(3,4)P2 and 
PI(3,4,5)P3 in T cells but did not change levels of PI(3)P6

� reporting that PI3K did not detectably associate with PTKs during T cell activation by 
the TCR/CD3, in contrast to its reported association with PTKs during IL-2R-directed T 
cell growth and CD4 activation7

January 1992- December 1997  
University of Bath (Wellcome Trust Career Development Fellow) 

In 1992, I moved to Bath to establish my own independent research group after gaining a 
Wellcome Trust Career Development Award.   The fellowship initially allowed me to focus 
on 3 distinct strands of research.  First, I continued to interrogate Ins(1,4,5)P3-induced 
calcium release using chemical biology tools developed by Prof Barry Potter who had also 
recently moved to Bath as the Established Chair of Medicinal Chemistry.  He had developed 
synthetic routes that enabled the synthesis of natural and unnatural inositol phosphates and 
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their structurally modified analogues.  These chemical tools represented a goldmine of 
chemical tools that provided me with a great opportunity to further explore of the role of 
calcium release activity and metabolism of Ins(1,4,5)P3  in T cells.  Second, I continued to 
explore the role of PI3K in T cell biology particularly with respect its activation by tyrosine 
kinase-coupled receptors such as TCR and costimulatory receptors such as CD28.  Finally, 
in collaboration with Prof John Westwick (who had also moved to Bath as the Established 
Char of Pharmacology in 1990), I would interrogate signaling events in T lymphocytes 
activated by members of a recently characterised family of inflammatory mediators termed 
chemokines, that were coupled to G protein-coupled receptors (GPCRs). 

By this time, I had become interested in the metabolism of Ins(1,4,5)P3 which is  mediated 
by two enzymes, namely inositol polyphosphate 5-phosphatase and inositol polyphosphate 
3-kinase. The 3-kinase converts Ins(l,4,5)P3 to Ins(1,3,4,5)P4, which can also induce 
calcium flux and which is further degraded by a 5-phosphatase back to inositol via 
Ins(1,3,4)P3. Alternatively, a 5-phosphatase degrades Ins(1,4,5)P3 to Ins(l,4)P2 and thus via 
a monophosphatase to free inositol. Interestingly, defects in the metabolism of Ins(l,3,4,5)P3
by 5-phosphatase in T cells at that time, had recently been reported in patients with the 
Acquired Immunodeficiency Syndrome (13) and so provided an impetus to use synthetic 
inositol phosphates produced by Prof Potter�s group to explore the role of Ins(1,4,5)P3
metabolic enzymes in further detail.  The highly polar nature of these tools meant that they 
were cell impermeable, so I utilised both cell free biochemical assays as well as the 
streptolysin-O permeabilised Jurkat leukemic T cell model that I had developed at ICRF.  
This allowed me to introduce the synthetic analogues into cells and measure their impact 
on Ins(1,4,5)P3 metabolism and its calcium release activity as well as other biochemical 
events.  In this regard, it became apparent that the PI3K phosphorylation target site on 
phosphoinositide lipids is similar to that on Ins(1,4,5)P3 3-kinase. Thus, Ins(1,4,5)P3 3-
kinase phosphorylates the PLC metabolic product Ins(1,4,5)P3 also at the D-3 position of 
the inositol ring. I reasoned therefore, that small molecule inositol phosphate analogues 
reported to inhibit transfer of phosphate on to Ins(1,4,5)P3 catalysed by Ins(1,4,5)P3 3-
kinase, might therefore act as leads for compounds that inhibit the phosphorylation of PI  
lipids by PI3K and therefore interrogated this possibility further.  During this period, I made 
the following major discoveries: 

� characterised stereoselective release of 45Ca2+ by Ins(1,4,5)P3, in the permeabilised 
Jurkat T cell line that was inhibited by heparin (used here to reversibly antagonise 
the Ins(1,4,5)P3 receptor, though  known to have other targets8

� reported that heparin did not abolish the Ins(1,4,5)P3 response totally, suggesting 
the existence of a heparin-insensitive component of the Ins(1,4,5)P3-induced 45Ca2+ 

release8

� demonstrated that the non-hydrolysable inositol trisphosphate analogue 
Ins(l,4,5)PS3 induced prolonged  45Ca2+ release compared to Ins(1,4,5)P3, possibly 
due to the resistance of Ins(1,4,5)PS3 to both phosphorylation and 
dephosphorylation8

� two novel synthetic inositol polyphosphate analogues designed as inhibitors of 5-
phosphatase, (L-Ins(l,4,5)PS3 and Ins(l,3,5)PS), modulated both metabolism of 
[3H]Ins(1,4,5)P3,and Ins(l,4,5)P3-induced 45Ca2+ release in permeabilised T cells8

� reported the first evidence that chemically synthesised analogues of Ins(1,4,5)P3
that act as inhibitors of Ins(1,4,5)P3 3-kinase and possess an inverted 3-hydroxyl 
group, namely L-chiro-Ins(2,3,5)P3  and L-chiro-Ins(2,3,5)PS3 also inhibited PI3K9

� described an improved synthesis of benzene(1,2,4)-trisphosphate a loosely related 
analogue of Ins(1,4,5)P3  that also inhibits PI3K, giving hope that such simplified 
structures could represent lead compounds in the future development of PI3K 
inhibitors9
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In parallel with my studies on calcium release and Ins(1,4,5)P3 metabolism, I had also 
continued to explore the role of PI3K in T cell biology and this was the main focus of my 
Wellcome Trust Career Development Fellowship.  Lymphocyte activation requires antigen-
specific signals and antigen non-specific co-stimulatory signals.  The major co- stimulatory 
signal involved in T cell activation is transmitted by CD28. This signal is delivered by the 
interaction of the CD28 receptor on T cells with ligands B7-1 (CD80) or B7-2 (CD86) on 
antigen-presenting cells.  In the absence of a costimulatory signal, activation of the 
TCR/CD3 complex is not sufficient to induce the complete activation of T lymphocytes.  
Instead, the T cells enters a state of unresponsiveness termed anergy.  The interaction 
between CD28 on T lymphocytes and its counter-receptors on antigen-presenting cells 
provides a costimulatory signal required for IL-2 production, T-cell proliferation, and effector 
functions such as T-cell-mediated cytotoxicity and differentiation of helper T cells (Th) into 
Th1 or Th2 subsets.  The biochemical nature of the co-stimulatory signal was poorly defined 
and available studies indicated that the CD28 receptor can trigger signals in common with 
the antigen receptor as well as signals that are independent of the antigen receptor. I 
therefore investigated the role of PI3K in T cell costimulation which led to several 
international collaborations including with Dr Carl June (Naval Medical Research Institute, 
Bethesda, USA), Dr Andy Lazarovits (London, Canada) and Dr Daniel Olive (Marseille).  
The majority of these studies were performed using the physiologically relevant natural 
cognate ligands of CD28 to stimulate signaling rather than mAb. The latter involved a 12 
month visit to Dr Olive�s lab in Marseille at the INSERM U119 research unit.   

Crucially, my interest in understanding the importance PI3K in functional read-outs was 
aided by two inhibitors of its lipid kinase activity. Wortmannin had first been identified nearly 
40 years earlier, although its inhibitory effects on PI3K were not identified until the early 
1990s, when it was found to covalently interact with the ATP binding pocket of PI3K. The 
other inhibitor LY294002 had been developed by Lilly Research Laboratories and was an 
important first step in the synthesis of compounds to target PI3K.  A reversible competitive 
inhibitor of the ATP binding pocket of PI3K, LY294002 is less potent than wortmannin but 
has less selectivity and toxicity issues. These rather crude but nevertheless effective, 
inhibitors were key tools in advancing the PI3K field.  Their impact should not be 
underestimated and is evidenced (at the time of writing) by just over 6500 PubMed hits for 
LY294002 alone. Despite their well characterised off-target effects, these compounds 
helped develop the initial evidence for a role for PI3K in various biological processes.  
Despite their limited selectivity, there are actually very few examples where attributing PI3K 
involvement in signalling or functional outcomes based on wortmannin or LY294002 has 
not later been confirmed by molecular or genetic approaches.  These first generation PI3K 
inhibitors became a key part of my research strategies in the 1990s, so-much-so that 
wortmannin became known as �Wardmannin� in my department! 

There are many highlights of this work including: 

� providing the first evidence that ligation of CD28 by its cognate ligands B7/CD80 and 
B7.2/CD86 induced formation of D-3 phosphoinositides in T lymphocytes independently 
of TCR/CD3 ligation and thus indicating activation of PI3K. Interestingly, levels of 
PI(3,4,5)P3 were around 5-fold higher than those produced by ligation of TCR/CD310

� discovering that CD28 directly co-associates with PI3K subunits in the Jurkat leukemic 
T cell line and that treatment with wortmannin prevented increases in PI(3,4,5)P3
following ligation of CD28 by B7.1/CD80 and B7.2/CD8611,12

� making the crucial finding that treatment of human PBLs with wortmannin inhibited both 
T cell proliferation and production of IL-2 in response to activation of TCR/CD3 and 
CD28.  This indicated a central role for this enzyme in CD28 signaling11,12

� understanding of functional domains within the CD28 cytoplasmic tail using a set of 
intracytoplasmic variants of the human CD28 molecule containing progressive 
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truncations of its intracytoplasmic tail, as well as a point mutation of the tyrosine residue 
at position 200 expressed in a murine T-cell hybridoma13 

� revealing that CD28-derived signals stimulated proliferation at least in part via nuclear 
factor (NF)-kB and Activator Protein (AP)-1 generation, and that this response used 
both acidic sphingomyelinase and PI3K-linked pathways14

� demonstrating that the CD7 glycoprotein (known to provide accessory signals for T cell 
activation), also associated with and activated PI3K in the Jurkat leukemic T cell line15

� reporting that the chemokine RANTES/CCL5 increased PI3K activity and that 
RANTES/CCL5-induced T lymphocyte migration and polarization was sensitive to PI3K 
inhibition. This study was among the first to suggest that G protein coupled receptors 
could couple to PI3K16

In addition to the primary research articles to come out of this work, I published three 
reviews on CD28 signaling (two as single author)1-3R, one book chapterBC4 and twenty-five 
conference contributions.   

January 1998- June 2001
University of Bath (Wellcome Trust University Award fellow and Senior Lecturer) 

In 1997, I was awarded a Wellcome Trust University Award. This funding was a bridge to a 
permanent academic position, with the Wellcome Trust funding my entire salary for 3 years 
and the University of Bath gradually picking up my full salary over the next 2 years.  This 
funding allowed me continue my research into understanding the nature of the costimulatory 
signaling events activated by CD28 in T cells.  Second, it also allowed me to build on my 
earlier work that had identified PI3K activation by a member of the chemokine family since 
I became interested in the signaling events involved in directional leukocyte migration during 
inflammatory responses. Thirdly, during this period I also broadened my research into 
transduction mechanisms (mainly but not exclusively, those that were PI3K-dependent) and 
functional events downstream of receptors activated by cytokines.  In this regard, the 
primary focus was on interleukin 13 (IL-13) signaling in colonic epithelial cells and the 
relevance to inflammatory event linked to human inflammatory diseases such as colitis and 
Crohn�s disease.    

By 1997, it was apparent that the term �PI3K� referred to a family of related lipid kinases.  
The prototypical class IA PI3Ks comprise three p110 catalytic isoforms, PI3Ka, PI3Kb, and 
PI3Kd that pairs p85 regulatory subunits, which are responsible for the recruitment of the 
complex to the plasma membrane upon receptor ligation. Class IA isoforms are activated 
downstream of a variety of receptors that are phosphorylated by tyrosine kinases upon 
cognate stimulus. The class IB catalytic isoform PI3Kg pairs with either of the regulatory 
subunits p84/p87 or p101 and is activated by G-protein subunits and signals downstream 
of GPCRs. However, some GPCRs seem to activate class IA PI3Ks, most notably PI3Kb. 
The PI3K family is completed by the class II C2 domain-containing PI3Ks and the class III 
PI-specific 3-kinases that unlike the class 1 PI3Ks had restricted substrate specificity and 
differing sensitivities to the available PI3K inhibitors wortmannin and LY294002 (14).  

The class I PI3Ks can potentially generate three lipid products, namely phosphatidylinositol 
-3-monophosphate [PI(3)P], phosphatidylinositol-3,4-bisphosphate [PI(3,4)P2], and 
phosphatidylinositol-i3,4,5- trisphosphate [PI(3,4,5)P3], which are collectively known as D-
3 phosphoinositide lipids. PI(3,4,5)P3 and PI(3,4)P2 bind proteins containing pleckstrin 
homology (PH) domains such as Vav as well as the Btk/Tec protein tyrosine kinase and so 
act as membrane targeting signals for the recruitment of PH domain-containing signaling 
molecules. In particular, both PI(3,4,5)P3 and PI(3,4)P2 have been demonstrated to be 
important upstream components of a signaling cascade that leads to activation of the 
serine/threonine kinase protein kinase B (PKB)/Akt (15).  
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A diverse array of receptors expressed on leukocytes responsible for both innate 
(neutrophils, macrophages) and adaptive (T and B lymphocytes) immune responses as well 
as those that constitute a link (mast cells, eosinophils) between these two arms of the 
immune response are able to stimulate PI3K activation. Interestingly, the tissue distribution 
of PI3K isoforms varies; PI3Ka and PI3Kb seem to have a broad tissue distribution, 
whereas PI3Kg and PI3Kd are predominantly expressed in leukocytes.  This raised the 
possibility that pharmacological targeting of the g and d isoforms would selectivity target the 
immune system and offer new therapeutic opportunities for examples as anti-inflammatory 
drugs.   Indeed, when the immune system is challenged in mice in which the genes encoding 
PI3K or PI3K have been either ablated or altered to encode kinase-inactive mutants is 
challenged, the mice exhibit severely altered phenotypes. This reflects that activity of 
PI3Kd and PI3Kg in immune cells is crucial during the onset, progression, and maintenance 
of chronic inflammatory diseases (16).  

The D-3 phosphoinositide lipids represent upstream components of a major signaling 
pathway that had by now, been implicated in a diverse range of biological outcomes.  
Commensurate with its pivotal role in multiple biological processes was the recognition that 
these lipids had to be tightly regulated. In this regard, two lipid phosphatases had been 
identified as regulating levels of PI(3,4,5)P3 (and hence regulation of PI(3,4,5)P2-driven 
effector pathways).  First was the conversion to PI(4,5)P2 by a 3�-phosphatase termed 
phosphatase and tensin homolog deleted on chromosome ten (PTEN).  The second, 
involves its conversion to PI(3,4)P2 by SH2-containing inositol polyphosphate 5-
phosphatase-1 (SHIP).  The latter fascinated me since like the d and g isoforms of PI3K, 
SHIP expression is largely restricted to cells of hematopoietic linage and therefore, 
pharmacological targeting of SHIP with small chemical molecule activators would be 
predicted to mimic the effect fo PI3K inhibitors (e.g. lowering levels of cellular PI(3,4,5)P3) 
in leukocytes.  Against this backdrop, the particular highlights of this period were reporting 
the following: 

(i) costimulatory signaling events activated by CD28
�  the first evidence that ligation of CD28 (by either anti-CD28 mAb or the natural ligand 

B7.1) resulted in the marked activation of PKB in Jurkat cells and human PBLs. This 
demonstrated CD28 coupling to a downstream effector of the PI3K-dependent signaling 
cascade that is known to promote cell survival in other cell systems17

�  pharmacological and molecular approaches to reveal that a CD28-activated 
serine/threonine kinase distinct from both PKC and PI3K mediated ligation-stimulated 
CD28 phosphorylation18

�  phorbol ester pre-treatment inhibited ligation-induced CD28 association with, and 
activation of, PI3K in a partially PKC-dependent manner18

�  expression of the class 1 PI3Kd isoform in Jurkat cells. Moreover, CD28 stimulation of 
Jurkat T cells induced PI3Kd Ser1039 phosphorylation in vivo and a down-regulation of 
associated lipid kinase activity. Treatment of cells with PI3K inhibitors blocked these in 
vivo increases in Ser1039 phosphorylation, consistent with the notion that PI3Ks and 
possibly PI3Kd  itself, are involved in the in vivo phosphorylation of PI3Kd19

�  first evidence that ligation of CD28 resulted in the tyrosine phosphorylation of the inositol 
polyphosphate 5-phosphatase SHIP in the murine T lymphocyte hybridoma DC27.1. 
Moreover, CD28-stimulated tyrosine phosphorylation of SHIP correlates with an increase 
in 5-phosphatase activity as well as a redistribution of SHIP from the cytosol to the plasma 
membrane20

(ii) Chemokine signaling  
� robust pharmacological strategies to show for the time that the chemokine 

SDF1/CXCL12 via interaction with its receptor CXCR4, stimulated PI(3,4,5)P3

accumulation in Jurkat cells due to activation of the class 1B gamma isoform of PI3K21
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� the chemokine SDF-1/CXCL4-induced activation of a wortmannin-sensitive PI3K 
appears to be an important signal required for CXCL4-stimulated biochemical events 
such as ERK1/2 and PKB phosphorylation and the strong chemotactic response of T 
cells to CXCL4 in the absence of measurable calcium mobilization21

� evidence that the chemokine monocyte chemotactic peptide-1 (MCP-1)/CCL2 stimulated 
protein tyrosine kinases as well as at least two separate PI3K isoforms, namely the 
p85/p110 PI3K and PI3K-C2a. This was the first demonstration that MCP-1/CCL2 can 
stimulate PI3K activation and remains one of very few reports of an agonist-induced 
activation of the PI3K-C2 enzyme22

� evidence that whilst PKC-dependent pathways are sufficient for strong RANTES/CCL5 
secretion, a calcium-dependent factor is activated which negatively regulates RANTES 
secretion. Furthermore, ligation of CTLA-4 (expression of which has been reported to be 
dependent on a sustained calcium signal), inhibited RANTES secretion induced by 
CD3/CD28, but had no effect on phorbol ester stimulated RANTES secretion23

(iii) IL-13 signaling and intestinal inflammation 
� robust evidence that IL-13 which exhibits anti-inflammatory effects in the gut, activates 

PI3K in a human colonic epithelial cell line HT29 which was sensitive to pharmacological 
inhibition of PI3K24

� IL-13 stimulated the tyrosine phosphorylation of the adaptor molecule IRS-1, which has 
previously been reported to facilitate receptor coupling to PI3K to other cytokine and 
hormone receptors24

� inhibition of the PI3K activity in epithelial cell line HT-29 was paralleled by a reversal of 
the ability of IL-13 to inhibit transcription of inducible nitric oxide synthase and hence 
production of nitric oxide in response to inflammatory cytokines24

� IL-13 stimulated PKB/Akt phosphorylation in a PI3K-dependent manner in the HT29 
colonic cell line25

� activation of a PI3K-dependent signaling cascade by IL-13 is a key signal responsible 
for the inhibition of apoptosis observed in colonic epithelial cells after treatment with 
various combinations of inflammatory cytokines either with or without Fas/CD95.  The 
inflammatory cytokine-induced cell death occurred independently of nitric oxide 
generation25

� PI3K had a regulatory effect on cyclooxygenase (COX)-2 in colonic epithelial cells. 
Hence, use of PI3K inhibitors resulted in marked up-regulation of both TNFa and IL-1-
stimulated COX-2 mRNA and protein expression as well as increased PGE2 production, 
a major product of COX-2 activity.  The notion that PI3K activity suppresses COX-2 
levels is supported by the observation that IL-4 and IL-13 (Th2 anti-inflammatory 
cytokines known to activate PI3K), down-regulated COX-2 expression and activity26

In addition to the primary research articles originating from this work, I published three 
reviews (1 as single author)4-7R and four book chapters5-8BC and twenty-six conference 
contributions. 

July 2001- December 2006  
University of Bath (Reader & Professor) 

I was promoted to Reader in the summer of 2001 by which time my Wellcome Career 
Development Award and University Award had provided me with substantial funds to 
establish my lab and also to attract further funding from the Royal Society, MRC, BBSRC, 
and various other smaller charities. In July 2004, I was promoted to a Personal Chair.  I 
continued to focus on the role of PI3K in T cell biology particularly in T cell activation but 
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increasingly with regard to cell migration and motility and an increasing interest in the role 
of lipid phosphatases following my previous observations outlined above.  The burning 
questions at that time were what was the role of the different PI3K isoforms. At this time, 
the pharmacological tools available lacked the adequate selectivity to discriminate between 
different isoforms to unequivocally attribute biological roles to individual isoforms.  
Therefore, any pharmacological approaches had to be complemented by selective 
molecular approaches targeting individual isoforms.  I had also now adopted sophisticated, 
cutting edge molecular fluorescent tools to visualise specific signalling molecules within 
cells. I also maintained my interest in intestinal inflammation working closely with clinicians 
to exploring the regulation of COX-2 by inflammatory cytokines. Furthermore, I became 
interested in the immunomodulatory properties of cannabinoids, given anecdotal evidence 
for the therapeutic benefit of Cannabis in gastrointestinal pathologies such as Crohn�s 
disease. However, the extent to which cannabinoids impact on the immune system in the 
gut was not well understood.  Highlights from this period were the following: 

(i) Regulation of PI3K signaling by lipid phosphatases in T cell activation 
� analysis of a range of cell lines and PBLs revealed lack of PTEN protein expression in 

CEM, MOLT-4, and Jurkat cells. In contrast, SHIP protein expression could be detected 
in CEM and MOLT-4 cells but not in Jurkat cells. The lack of both SHIP and PTEN in 
Jurkat cells correlated with very high basal levels of PI(3,4,5)P3 that were sufficient to 
cause both PH domain-dependent membrane localization and constitutive 
phosphorylation of PKB/Akt27,9R. In contrast, in normal T lymphocytes (that express both 
SHIP and PTEN) PKB/Akt activity was only high in TCR/CD3 or cytokine-activated cells 
27, 9R

� development and application of a membrane-localized, constitutively active SHIP 
mutant expressed in the Jurkat cell line using a tetracycline (Tet)-regulated expression 
system. This system verified that SHIP can contribute to degradation of PI(3,4,5)P3 in T 
cells, and thus, can potentially influence signaling away from PI(3,4,5)P3-dependent 
effectors toward effectors that are exclusively driven by PI(3,4)P2

27

� providing evidence that CD28 ligation alone resulted in rapid tyrosine phosphorylation of 
Gab2 and assembly of a multimeric complex involving CD28, Gab2, PI3K and SHP-228

� characterisation of a Gab2-mediated negative effect on the CD28-dependent induction 
of transcription factors AP-1 and NF-kB that is dependent on the Gab2 PH domain28

(ii) PI3K in chemokine signaling and migration responses
� development and application of a tetracycline-regulated gene system to express 

dominant negative forms of class IA (p85) and class IB (kinase-dead PI3K) PI3Ks.  This 
approach revealed evidence to suggest that optimal chemotactic response to SDF-
1/CXCL12 requires the involvement of both class IA and class IB PI3Ks29.30

� showing interaction of the chemokine MDC/CCL22 with its receptor CCR4, activated the 
PI3K pathway. Surprisingly, the activation of PI3K isoforms appeared to be dispensable 
for CCL22-mediated migration of T cells31

� demonstrating that both CCR4 ligands (MDC/CCL22 and TARC/CCL17) were able to 
stimulate elevation of [Ca2+]i, which was sensitive to pertussis and appeared to be 
dependent on PLC activation.  Moreover, the elevation of [Ca2+]i was redundant with 
respect to cell migration in response to CCL22 or CCL1732

� producing evidence that downstream effectors of PLC independent of Ins(1,45)P3, 
namely DAG-dependent PKC isoforms, appeared to be important for chemotactic events 
elicited by these two CCL22 and CCL1732
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� providing evidence that chemokine receptor-mediated signaling responses known to be 
dependent on PI(3,4,5)P3 can be inhibited by SHIP and can be heterologously regulated 
by SHIP that is activated by non-chemokine receptor-mediated routes33

� reporting possible the existence of differential receptor coupling mechanisms in intestinal 
myofibroblasts for CXCR3 agonists that were distinct from those observed in PBLs 
and/or that these cells expressed a modified or variant CXCR3 compared with the 
CXCR3 expressed on PBLs34

(iv) Intestinal inflammation and cannabinoids 
� identifying that IFNg plays a negative regulatory role at the level of COX-2 expression 

but a positive regulatory role at the level of microsomal PGE2 synthase expression in 
colonic (and airway) epithelial cells. This may have important implications for the clinical 
use of IFNg in inflammatory disease35

� characterising distribution of the cannabinoid receptors CB1 and CB2 in the human 
colon. CB1 receptors are expressed in normal human colon and colonic epithelium is 
responsive biochemically and functionally to cannabinoids. Increased epithelial CB2- 
receptor expression in human inflammatory bowel disease tissue implies an 
immunomodulatory role that may impact on mucosal immunity36

� long-term changes in CB2 protein expression following T lymphocyte activation and the 
negative regulatory effects of CB2 agonists on T lymphocyte migration toward the 
chemokine SDF-1/CXCL1237

In addition to the primary research articles to come out of this work, I published eleven 
reviews (two as single author)8-18R, eight commentaries/correspondences1-10C (including two 
in Nature Immunology7C,8C), four book chapters9-12BC and twenty-eight published conference 
contributions. 

January 2007- December 2011  
University of Bath (Royal Society Industry Fellow) 

In 2007, I gained a 4-year Royal Society Industrial Fellowship.  I was also appointed Head 
of Pharmacology in 2008 and so took on an increased administrative and managerial load. 
The Royal Society Fellowship allowed me to partner with Novartis and explore the role of 
SHIP in T cell biology specifically to validate it as a tractable drug target in the immune 
system using predominantly molecular approaches due to the lack of robust 
pharmacological tools being available.  During this period, new PI3K inhibitors with 
improved isoform selectivity became available, that could help better attribute specific 
functional outcomes to individual isoforms. I continued to attract additional funding to 
develop my interests in intestinal inflammatory diseases and also developed a new interest 
in protein arginine methyltransferases in collaboration with Dr James Dowden (Nottingham) 
funded by the MRC.  I also led a successful equipment application to the Wellcome Trust, 
that together with University funding helped create a bespoke Bioimaging Suite as well as 
the purchase of a new confocal microscope and a flow cytometry instrument. I led further 
successful applications to the Wellcome Trust and BBSRC in subsequent years that funded 
the purchase of additional cell sorting flow cytometry instruments and an MSD Mesoscale 
multi-analyte instrument. These instruments underpinned the development of the 
bioimaging suite and supported my continued interest in exploring signaling events involved 
in T cell activation, as well as chemokine signaling and functional responses. Highlights of 
this period include reporting: 

(i) Chemokine signaling and migration responses 
� use of second generation inhibitors that could discriminate between individual PI3K 

isoforms, revealed that PI3Kγ was the major contributor to SDF-1/CXCL12-induced 
migration and PI3K/Akt signaling. Surprisingly, non-viral delivery of siRNA targeting 
PI3Kγ, class II and class III PI3Ks, did not impact on cell migration responses38
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� ex vivo maintenance resulted in migratory response of primary T cells toward SDF-
1/CXCL12 becoming insensitive to LY294002, highlighting that inhibitor sensitivity can 
vary according to assay conditions and model environment. Remarkably, random 
migration remained sensitive to pan-isoform PI3K inhibitors38

� the chemokine receptors CCR2, CCR6, and CCR9 receptors expressed on murine 
Th17 cells were biochemically functional.  However, only the agonists for CCR2 and 
CCR6 elicited migratory responses of Th17-polarized cells via PI-3K-dependent 
mechanisms39

� CXCR3 agonists induced partial degranulation of mature cord blood-derived mast cells 
despite modest, barely detectable surface expression of CXCR3. The partial 
degranulation as well as phosphorylation of PKB/Akt and ERK1/2 was sensitive to 
CXCR3 antagonists and pertussis toxin40

� use of novel isoform-selective inhibitors to provide the first evidence that chemokine 
induced partial degranulation of human cord blood-derived mast cells responses was 
dependent on p110d. These findings provide a novel insight into problems and 
opportunities to selective targeting of PI3K isoforms in allergic disease settings and 
general manipulation of the immune system with such tools40

� the expression of CXCR3 as well as of two of its known variants, CXCR3-B and CXCR3-
alt, in ex vivo activated human PBLs41

� characterising expression and agonist responsiveness (biochemical and functional) of 
CXCR3 variants in human T lymphocytes. In this regard, although platelet factor 
4/CXCL4 was coupled to downstream biochemical machinery, it did not share functional 
properties with the established CXCR3 agonists (MIG/CXCL9, IP-10/CXCL10, I-
TAC/CXCL11). Hence, its intracellular signaling is likely to be independent of the 
classical CXCR3. This suggested a distinct role for CXCL4 in T-cell biology and 
regulation of human immune response41

(ii) CD28 signaling 
� adopting a lentiviral-delivery system to introduce SHIP-targeting short hairpin RNA 

(shRNA) into human PBLs. Silencing of SHIP led to increased basal levels of PI3K-
dependent signalling actin polymerisation as well as loss of microvilli projections.  
Surprisingly, there was no defect in directional T cell migration toward I-TAC/CXCL11 
in the SHIP-silenced cells but, importantly, there was a defect in the overall basal 
motility of SHIP-silenced cells42

(iii) Intestinal inflammation/cancer and cannabinoids 
� use of a non-transformed cell line derived from normal human colonic epithelium, to 

show a synthetic CB1 antagonist/inverse agonist had a profound, concentration-
dependent anti-proliferative effect.  This data contrasted with the anti-proliferative effect 
of CB1 agonists in colorectal tumour cell lines. This highlighted the differential effects 
of cannabinoids on “normal” versus cancer cell types, but more importantly, suggested 
that long term daily consumption of CB1 antagonists during anti-obesity treatment 
could have a negative impact on the integrity and maintenance of the intestinal mucosa, 
with unknown consequences43

(iv) Protein methyltransferases 
� development and characterisation of potent and selective bisubstrate inhibitors of 

protein arginine methyltransferases44

� development and comparison of a wider panel of PRMT inhibitors that could 
discriminate between PRMT1 and PRMT4.  Docking studies and an overlay of crystal 
structures that form a model to explain the observed selectivity were also reported45
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In addition to the primary research articles, I published 12 reviews19-30R, 2 invited 
commentaries (including one in Immunity10C) and four book chapters13-16BC. 

January 2012-2020 
University of Bath & Bath Centre for Therapeutic Innovation  

Shortly after the end of my Royal Society funding, I was appointed as Head of the 
Department of Pharmacy and Pharmacology in August 2013. I was immensely proud to 
take over the leadership of the Department I had joined as a post-doctoral research fellow 
in 1992.  This role, with its increased management and administrative load, limited my 
publication outputs relative to previous years. However, I continued to explore the role of 
PI3K isoforms in T cell biology, specifically using cells from genetically targeted mice that 
either lack PI3Kγ or which express a catalytically inactive mutant of PI3Kγ in mice.  By this 
time, the role of PI3K isoforms in various types of cancer had been understood and PI3K 
inhibitors had entered the clinic (17,18).  It had been recognised that activation state of the 
PI3K/Akt pathway is correlated to a poor prognosis particularly breast cancer patients.  In 
collaboration with Professor Banafshe Larijani at Cancer Research UK and then University 
of the Basque Country, I became interested in developing prognostic quantitative 
fluorescent microscopy methodology that could be used in personalised medicine to better 
identify patients who would benefit from PI3K inhibitor treatment inhibitors.  During this 
period, I co-founded the Bath Centre for Therapeutic Innovation that was established in 
November in 2017.  The main highlights include discovery of the following: 

(i) PI3K signalling and regulation by lipid phosphatases 
� genetic loss of PI3Kγ resulted in increased interleukin 17 (IL-17) both in vivo and in 

vitro, and in response to various stimuli. Indeed, as much as a 40-fold increase in 
IL-17 production could be seen despite an otherwise normal cytokine profile and 
proliferative capacity. Loss of PI3Kγ kinase activity without loss of the protein also 
caused increased IL-17 production, demonstrating that the kinase function rather 
than the structural role is required for control of IL-17 production46

� pharmacological activation of SHIP allosteric activators impairs I-TAC/CXCL11-
induced chemotaxis by manipulating PI3K signaling and ezrin, radixin and moesin 
phosphorylation, providing an exciting new mechanism for the targeted inhibition of 
PI3K-mediated signaling in leukocytes with potential therapeutic opportunities in T 
lymphocyte�driven pathologies47

� the first report that activation state of PKB/Akt in clear cell renal carcinoma patients, 
measured by amplified Förster Resonance Energy Transfer, (but not by 
immunohistochemistry intensity) was correlated with poorer overall survival48. such 
quantitative methodology alongside other diagnostics tools could prove key in taking 
oncologists closer to an efficient personalised therapy in clear cell renal carcinoma 
patients, by identifying potential responders and non-responders to inhibitors of 
PI3K pathway48

During this period, I had also become interested in the reactive oxygen species and how 
they impact on signaling and functional events in T lymphocytes.  In this regard, hydrogen 
peroxide (H2O2) had been demonstrated to act as an important early damage cue triggering 
innate immune cell migration in Drosophila and zebrafish models of in vivo inflammation 
(19-21). Additionally, H2O2 had been shown to act as a chemoattractant for neutrophils in 
several models (21-23), though little was known about whether H2O2 is required for the 
migration of human adaptive immune cells. ROS were well known to activate cellular 
signaling cascades including the PI3K pathway and Src family kinases. Most notably, H2O2
had been shown to enhance PI3K signalling by inactivating the lipid phosphatase PTEN. I 
therefore interrogated the effect of oxidative signaling on T lymphocyte chemotaxis in 
response to inflammatory chemokines, most notably to agonists of the CXCR3 receptor. By 
this time, pharmacological tools had been developed that either selectively activated or 
inhibited the lipid phosphatase SHIP-1 and these proved useful in further characterisation 
of the role of SHIP in T lymphocytes.  The main findings were: 
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Role of ROS in T Lymphocytes 
� H2O2 induced a selective and robust inhibition of T cell chemotactic migration toward 

I-TAC/CXCL11 but not toward SDF-1/CXCL12 or IP-10/CXCL10 in the absence of 
any effect on T cell adhesion47

� H2O2-induced chemotactic deficiency was due to both reduced surface expression 
of CXCR3 as well as SHIP-1 activation through activation of a redox-sensitive Src 
family kinases47

� evidence for functional expression of the ATP receptor P2X7R in human naive and 
activated CD4+ T lymphocytes that mediated ATP-induced loss of surface CD62L 
expression.  This likely occurred by a ROS-dependent matrix metalloproteinase-
mediated shedding of this receptor49

The development of PI3K inhibitors that exhibited improved selectivity for one or more PI3K 
isoforms and fewer off target effects compared to the earlier PI3K inhibitors opened up 
several areas of collaboration. These included exploring the role of PI3K isoforms in 
branching morphogenesis, a key developmental process for the formation of many epithelial 
organs (lung, pancreas, mammary and salivary glands).  During this process, epithelial 
tubes undergo successive rounds of coordinated branching. This culminates in an elaborate 
network of branched epithelial tubes that resembles the architecture of the adult organ. In 
the lung, this process occurs during the pseudoglandular stage of its development.  These 
studies had been performed in an ex-vivo model of murine embryonic lung branching in 
collaboration with Professor David Tosh (Bath).  

As part of this collaboration with David Tosh, we also explored the molecular events that 
underpinned Barrett's metaplasia (BM), a condition I had first become interested in some 
10 years earlier, while supervising a gastroenterologist�s MD project exploring the 
expression and function of heme oxygenase-1 in the GI tract. This is a pathological 
condition characterized by replacement of stratified squamous epithelium of the distal 
oesophagus by columnar epithelium.  BM is found in the context of gastro-oesophageal 
reflux disease and arises as a consequence of the damage provoked by acid and bile.  The 
condition is important because it is the only known morphological precursor to oesophageal 
adenocarcinoma.  I had originally explored a role for dysregulated PI3K activation in BM, 
given the known role of PI3K in multiple aspects of cell growth and differentiation and 
growing evidence of its involvement/dysregulation in cancer.  Studies exploring expression, 
activation or inhibition of PI3K in clinical samples had proven inconclusive.  However, this 
collaborative effort had led us to explore the role of transcription factors involved in the 
conversion of stratified squamous epithelium to columnar epithelium in an adult explant 
culture model that recapitulates the full repertoire of cell types found in the oesophagus 
(basal, suprabasal and differentiated layers) as well as cell lines ectopically expressing 
transcription factors was used to interrogate this. The main highlight of this work was: 

� identification that inhibition of PI3Ka (and its downstream signalling components) 
potentiated the branching of murine embryonic lung explants, contradictory to that 
reported in other branching organs. This data also indicated that PI3K acts as a 
morphogenic switch for FGF7 signalling and provided insight into how signalling 
pathways (that act to remodel an organ during disease) function in the remodelling 
process, and might lead to novel therapeutic strategies for regenerative medicine50

I became involved in collaborative studies with Jean Van der Elsen (Bath) exploring protein 
modification by glycation and oxidation. Glucose and glucose metabolites are able to 
adversely modify proteins through a non-enzymatic reaction called glycation, which is 
associated with the pathology of Alzheimer�s Disease (AD) and is a characteristic of the 
hyperglycaemia induced by diabetes. The process of glycation involves reducing sugar 
molecules such as glucose reacting with the amino groups of lysine, arginine or N-terminal 
amino acid residues of proteins, ultimately leading to the formation of complex and stable 
advanced glycation end-products (AGEs). AGE-related modifications are present in the 
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earliest stages of AD pathology and are thought to be involved in the formation of the 
pathological lesions (neurofibrillary tangles and senile plaques). The presence of AGEs can 
also induce oxidative stress, either directly through their chemical development from initial 
glycation to end products or through interaction with cells via the AGE receptor.  Highlights 
of this period include: 

� demonstrating that ectopic expression of the transcription factor hepatocyte nuclear 
factor-4a (HNF4α) following adenoviral infection, was sufficient to induce a 
columnar-like phenotype in adult mouse oesophageal epithelium and could be 
detected in the human condition. These data suggested that induction of HNF4α is 
a key early step in the formation of Barrett's metaplasia51

� describing the glycation signature of aged human brain using Flu-PAGE analysis 
followed by mass spectrometry. The most striking difference between the disease 
and control samples was observed with the cytokine macrophage migration 
inhibitory factor (MIF) which is known to regulates both insulin as well as innate 
immunity and have diverse influences on inflammation. MIF was glycated and 
oxidised in AD brain homogenates52

� reporting that MIF glycation completely inhibited the oxidoreductase activity of MIF, 
and severely attenuated its tautomerase activity. Glycation was also detrimental to 
the signalling effects of MIF on glia. These findings implicated MIF as a specific 
target of the precursory glycative and oxidative events in AD, providing a novel 
mechanistic link between diabetes and dementia52

Finally, I have continued use of quantitative fluorescent microscopy methodology with 
Professor Larijani to better identify patients who would benefit immune-checkpoint inhibitors. 
The main highlight of this work was: 

� implementation of a quantitative molecular imaging method (iFRET) to determine 
interaction of PD-L1 with its receptor PD-1 on T-lymphocytes. This appears to more 
accurately identify cancer patients who will respond to immune checkpoint inhibitors 
than traditional immunohistochemical approaches. These ground-breaking results 
quantifying immune-checkpoint interactions in biopsies from immunotherapy-treated 
patients (with metastatic non-small cell lung cancer), show that those with a low 
extent of PD-1/PD-L1 interaction, display significantly worse outcomes compared to 
those with a high level of interaction53

In addition to the primary research articles to come out of this work, I also published 6 
reviews31-36R, and 2 book chapters17BC,18BC

SUMMARY 
My primary research papers and the interdisciplinary approaches that I have adopted with 
a variety of collaborators over 30 years have contributed significantly to the understanding 
of PI3K-dependent plus other signalling pathways in T cell activation and migration as well 
as in the understanding of intestinal inflammation and biology.  However, my contributions 
extend much further than primary papers. I have 90 published conference contributions 
(posters or oral communications).  Most importantly, I have published 36 review articles (5 
as single author) in leading journals (most notably Immunity, Biochemical Journal, Journal 
of Biology Chemistry and several Trends journals), where I consider and distil the evidence 
from a wealth of data into a form that is suitable for a wider readership.  I simplify and 
rationalise often conflicting data with a view to present and visualise a unifying model(s) of 
concepts and mechanistic understanding.  I have also edited three themed issues for 
Current Opinion of Pharmacology where I’ve invited leading figures from various areas of 
inflammation research, to contribute articles and provided editorial overviews of the 
contributing articles.  In this regard, my ability to simplify complex scientific papers for the 
appreciation of non-expert wider readership likely explains my invitation to write 
commissioned articles for Trends in Immunology between November 2001 and December 
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2002 on research papers of my choice that I considered to be important advances in the 
field of immunology. During this period, I had over 60 short “in brief” article and 5 
commentaries published.  This also led to an appointment to the Faculty of 1000 Advisory 
Committee for Leukocyte Activation in 2002 where I published over 100 recommendations 
on new and what I considered to be, important publications in the area of leukocyte biology.  

I have contributed to the leadership of several learned society activities (e.g. member of the 
Biochemical Society Cell Signaling Theme Panel, 2004-2010) and I have also taken the 
lead in organising symposia and conferences that consider latest developments in the field, 
the most notable being: 

� Four Biochemical Society Focus meetings that I organised including the first PI3K 
Signaling & Disease Focus meeting in 2002 (followed by two others in 2003 and 
2006) and Toll receptors in Disease (2003)  

� Signal Transduction During Innate and Adaptive Immunity at 647th UK Biochemical 
Society Meeting, Dublin July 2001  

� Spotlight on Inflammation: British Pharmacological Society July 2004  
� Emerging Mechanisms of Negative Regulation in the Immune System, BSI Congress 

December 2005;  
� Negative Regulation in the Immune System:  Bioscience 2006, Glasgow 
� Post-translational control of chemokines: Bioscience 2006, Glasgow  
� Transendothelial Migration. Life Sciences, Glasgow July 2007  
� Resolution of inflammation.  Life Sciences, Glasgow, July 2007  
� Pattern Recognition Receptors, British Pharmacological Society annual symposium, 

Brighton December 2008   

Finally, my contributions to research and understanding have been recognised by several 
markers of esteem:   

� I have received several prestigious appointments to grant awarding panels, most 
notably the Wellcome Trust Physiological Sciences Panel (2008-2011); Arthritis 
Research UK Research Sub-Committee (2012-2016) and the MRC non-clinical 
Training and Career development Panel (2013-2017).   

� I have served on several editorial boards (Current Opinion in Pharmacology 2004-
present; British Journal of Pharmacology in 2001-2005; Immunology 2001-2011; 
Biochemical Journal 2001-2008; Journal of Immunology 2005-2009, and the Journal 
of Biological Chemistry, 2009-2015).    

� In recognition of my research contributions, I was awarded the Quintilles Prize for 
�outstanding contributions to immunopharmacology� by the British Pharmacological 
Society in January 2003.  

� I was also an invited plenary speaker at many international meetings, most notably 
the following: 
- Chemokines 2002, Madrid, May 2002  
- Gordon Research Conference on Chemotactic Cytokines, July 2003
- Keystone Conference on Chemotactic Cytokines, January 2003  
- Inflammatory Bowel Disease: From Bench to Bedside II, Crete, June 2003; 
- International Cytokine Society, Dublin, September 2003  
- Chemokines II, INSERM, Paris October 2003  
- Gordon Conference on Gradient Sensing & Directional Movement, California, 

USA 2005  
- Keystone conference on Chemotactic Cytokines, Keystone, Colorado, 2008   

� I was also awarded the University of Bath�s Prize for Excellence in Doctoral 
Supervision in 2015.  This reflected my successful supervision of and support for, 
over 35 post-graduate students. 

During the period in which I�ve been Head of Department, research was often not my 
primary focus.  However, I have not lost interest in, or enthusiasm for, the immune response 
that drives inflammation (and its resolution) or the cell signalling pathways and mediators 
that underpin these processes.  Having stepped down recently as Head of Department in 
August 2019, I can now concentrate once again on my research.  The focus of my future 
will undoubtedly be core to the newly established Bath Centre for Therapeutic Innovation.  
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I have recently taken up the role of Deputy Director having been a founder member of the 
Centre. In this role I will continue to grow and develop the Centre as well as my long-
established research interests in inflammation (and cancer) and cell signalling pathways 
that have been sustained over 30 years.  The nature of this research will be more 
translationally focussed for patient benefit, using latest technologies and models 
��funding permitting of course! 
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ABSTRACT◥
Many cancers are termed immunoevasive due to expression

of immunomodulatory ligands. Programmed death ligand-1
(PD-L1) and cluster of differentiation 80/86 (CD80/86) interact
with their receptors, programmed death receptor-1 (PD-1) and
cytotoxic T-lymphocyte antigen-4 (CTLA-4), respectively, on
tumor-infiltrating leukocytes eliciting immunosuppression. Immu-
notherapies aimed at blocking these interactions are revolutionizing
cancer treatments, albeit in an inadequately described patient
subset. To address the issue of patient stratification for immune
checkpoint intervention, we quantitatively imaged PD-1/PD-L1
interactions in tumor samples from patients, employing an assay
that readily detects these intercellular protein–protein interactions
in the less than or equal to 10 nm range. These analyses across
multiple patient cohorts demonstrated the intercancer, interpatient,

and intratumoral heterogeneity of interacting immune checkpoints.
The PD-1/PD-L1 interaction was not correlated with clinical PD-L1
expression scores in malignant melanoma. Crucially, among anti-
PD-1–treated patients with metastatic non–small cell lung cancer,
those with lower PD-1/PD-L1 interaction had significantly wors-
ened survival. It is surmised that within tumors selecting for an
elevated level of PD-1/PD-L1 interaction, there is a greater depen-
dence on this pathway for immune evasion and hence, they exhibit
more impressive patient response to intervention.

Significance:Quantitation of immune checkpoint interaction by
direct imaging demonstrates that immunotherapy-treated patients
with metastatic NSCLC with a low extent of PD-1/PD-L1 interac-
tion show significantly worse outcome.

Introduction
Disproportionate immune system activation can result in profound

pathologies and there are therefore, regulatory mechanisms in place to
maintain homeostasis (1). Interactions referred to as immune check-
points are critical in this, avoiding immune cell–related collateral
damage in pathogenic responses and in suppressing autoimmunity.
Inhibitory receptors presented by immune cells, T cells in particular,
include programmed death receptor-1 (PD-1) and cytotoxic T-lym-
phocyte antigen-4 (CTLA-4; refs. 2, 3). Cancers exploit these phys-
iologic mechanisms to avoid immune attack by expressing inhibitory
receptor cognate ligands, programmed death ligand-1 (PD-L1) and
cluster of differentiation 80/86 (CD80/86; ref. 1). TheCTLA-4 receptor
is a homolog of the immune-activating CD28 receptor, both of which
are found onT cells and possessCD80 andCD86 as ligandpartners (4).
CTLA-4, however, provides a higher affinity binding site for CD80/86
and interaction with CD80/86 inhibits cell proliferation and IL2
secretion byT cells. The PD-1 immune checkpoint limits later immune
responses primarily in peripheral tissue by attenuating T-cell signaling
downstream of the T-cell receptor (5).

There are a number of approved therapeutic mAbs designed to
reinstate immune-mediated tumor destruction in immunogenic can-
cers, by inhibiting the aforementioned immune checkpoint interac-
tions (6). In part, through the generation of neoantigens, immuno-
genicity is strong in non–small cell lung cancer (NSCLC), renal cell
carcinomas (RCC), melanoma, classical Hodgkin lymphoma, head
and neck squamous cell carcinoma, and urothelial carcinoma, all of
which show varying degrees of response to immune checkpoint
interventions (6–8). Notwithstanding some remarkable successes with
immune checkpoint inhibitors, the majority of patients display
primary or acquired resistance to treatment (9). There is, therefore,
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an unmet clinical need to identify biomarkers that distinguish poten-
tial responders from nonresponders to ensure that nonresponders are
not exposed to the side-effects of these drugs for no therapeutic benefit.

The development of different PD-L1 IHC diagnostics utilizing
proprietary antibodies has resulted in four FDA-approved and
CE-in vitro diagnostics–marked assays, each linked to a specific drug
and scoring system (10). However, it has become clear that the
expression of inhibitory ligands, namely PD-L1, is not an accurate
diagnostic marker for use in predicting patient prognosis and response
to treatment. A recent study observed that patients with NSCLC
demonstrated an increase in response to the anti-PD-1 agent, pem-
brolizumab, in patients exhibiting a tumor proportion score greater
than 50% (11). Nevertheless, the response reached only 41% (12).
Moreover, a different study assessed the efficacy of PD-1 or PD-L1
inhibitors in different neoplasia (primarily lung cancer but also renal
cancer and malignant melanoma) in PD-L1–negative and PD-L1–
positive cancers. Critically, benefit was seen in patients within the
PD-L1–negative group, clearly exposing the failure of PD-L1 expres-
sion to determine which patients should receive immune checkpoint
inhibitors (13).

As immune cell/tumor cell interplay via immune checkpoints is a
prominent mechanism for tumor immune evasion and survival,
checkpoint interaction status may present a key mechanism-based
prognostic and/or predictive biomarker, replacing conventional pro-
tein expression readouts for stratifying patients to immune checkpoint
interventions. To this end, we have developed and tested an imaging
assay that provides a quantitative readout of immune checkpoint
interaction between cells. iFRET (immune-FRET) employs a two-site,
cell–cell amplified F€orster resonance energy transfer (FRET) method,
detected by fluorescence lifetime imaging microscopy (FRET/FLIM).
Here, iFRET acts as a “chemical ruler,”measuring cell–cell interactions
in the range of 1–10 nm. Alternative assays have assessed the PD-1/
PD-L1 signaling axis in both cell assays and patient tissue, however,
these assays work at a distance greater than that of iFRET (Supple-
mentary Fig. S1A).Work carried out byGiraldo and colleagues (2018),
uses an imaging algorithm that determines when PD-1þ and PD-L1þ

cells are within close proximity (≤20 mm) of each other. Such assays
investigate distances that reflect proximity over interaction (14).
Johnson and colleagues (2018), also utilized an automated quantitative
analysis platform, which again maps cells based on PD-1 and PD-L1
expression profiles. In these assays, the colocalization of PD-1- and
PD-L1–expressing cells (i.e., mmrange) is assumed to be an interaction
state (15). Here, the intrinsic distance constraints of iFRET informs on
interaction states as receptor and ligand pairs within 1–10 nm of each
other; distances exceeding 10 nm are considered to be non-interacting.

In this study, we have investigated the application of iFRET in
formalin-fixed, paraffin-embedded (FFPE) patient tumor biopsies to
assess checkpoint interaction, to understand the relationship of this to
ligand expression, and to judge the predictive power of the data in
respect of patient response to immune checkpoint interventions.

Materials and Methods
Pathology
Clear-cell RCC

Biopsies from patients with clear-cell RCC (ccRCC), diagnosed and
treated at the Cruces University Hospital (Barakaldo, Bizkaia, Spain),
were graded and staged within the study. All patients gave written
informed consent for the potential use of their resected tumors for
research. This study was approved by the Ethical and Scientific
Committee (CEIC-Euskadi PI2015060). The International Society of

Urological Pathology 2013 tumor grading system (16) was used to
assign each sample using routine hematoxylin and eosin (H&E)
staining. Tumors were graded and grouped as low (G1/2) and high
(G3/4) grade for consistency. To assess PD-L1 expression, a multisite
tumor sampling (MSTS) method was used, which samples more areas
of a tumor with the aim of overcoming the problems of tissue
heterogeneity (17). Samples were determined PD-L1 positive (>1%)
or negative (<1%) using the Roche VENTANA PD-L1 (SP142) Assay.

Malignant melanoma
Cases of malignant melanoma used in this study were selected from

all patients diagnosed with malignant melanoma between June 2003
and February 2017 at Nottingham University Hospital (Nottingham,
England, United Kingdom). The main selection criterion was tumors
having a Breslow thickness of >1 mm. Patients gave written informed
consent for their specimens to be stored and used for research. Patient
clinicopathologic data were obtained from Nottingham University
Hospital PAS, WinPath, and NotIS databases. Data and specimens
were anonymized by using only their designated laboratory case
reference. Ethical approval (ACP0000174) was gained from the Not-
tingham Health Science Biobank Access Committee. A cohort of 176
primary malignant melanoma cases was used for iFRET analysis as
tissue microarrays (TMA). Within the TMAs, each patient had one
tumor sample. Supplementary Table S1 summarizes the clinical
parameters of the 176 patients. Tumors were fully surgically excised
and FFPE in tissue blocks. Tissue cores of 1-mmdiameterwere selected
by studying H&E-stained sections most recently cut from the FFPE
tissue block. The location of cores to remove from the tissue block was
selected by scanning the slides and using Pannoramic Viewer Software
(3DHisTech). Cores were removed from the FFPE tissue blocks using
the TMA Grand Master (3DHisTech) and arrayed into new paraffin
blocks.

Metastatic NSCLC
Biopsies from 60 metastatic NSCLC tumors were obtained during

interventional radiology procedures from Institut Bergoni�e (Bordeaux,
France; Supplementary Table S2). Thirty-six patients weremale and 24
female with a median age of 63 years (range, 44–86 years). Perfor-
mance status was defined with 50 patients given a performance status
of ≤1 and 10 patients given a status of ≥1. Performance status is a
measure of a patients’ progress, with a grade of 0 being defined as fully
active with the patient being able to carry on all predisease activities
without restriction. A score of 1–3 indicates increasing severity of
limitations to daily activities and self-care. A score of 4 is defined as
completely disabled and 5 is defined as dead (18). The clinical outcome
of 40 patients who were treated with either nivolumab (n ¼ 37) or
pembrolizumab (n ¼ 3) was provided and used for Kaplan–Meier
survival analysis. Patients’ samples were collected between January
2014 andDecember 2017. This studywas approved by the Institutional
Review Board of Institut Bergoni�e (Bordeaux, France). Excised sam-
ples were FFPE in tissue blocks prior to being sliced and mounted on
microscope slides. For iFRET analysis, three consecutive tissue slices of
each patient’s sample were provided. One slide for each patient sample
was labeled with H&E and a trained pathologist (J.I. Lopez) identified
tumorous areas within the sample.

Antibodies and reagents
Monoclonal antibodies, mouse anti-PD-1 (catalog no.: ab52587,

clone number: NAT105), rabbit anti-PD-L1 (catalog no.: ab205921,
clone number: 28–8), and mouse anti-CTLA-4 (catalog no.: ab19792,
clone number: BNI3) were purchased from Abcam. Rabbit anti-CD80
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(catalog no.: MBS2522916, clone number: MEM-233) was purchased
from MyBioSource. The experimental antibody, J1201, which blocks
PD-1/PD-L1 interactions was obtained from Promega. Ipilimumab,
which blocks CTLA-4/CD80 interactions was also obtained from
Promega. Pierce endogenous peroxidase suppressor (35000), Signal
Amplification Kit (T20950), and Prolong Diamond Antifade Mount
(P36970) were obtained from Thermo Fisher Scientific. AffiniPure
F(ab0)2 fragment donkey anti-mouse IgG and peroxidase-conjugated
AffiniPure F(ab0)2 fragment donkey anti-rabbit IgG were purchased
from Jackson ImmunoResearch Laboratories. ATTO 488 NHS ester
was purchased and conjugated to the AffiniPure F(ab0)2 IgG as
described by Veeriah and colleagues (2014; ref. 19). Millicell 8-well
plates (PEZGS0816) were purchased from Merck.

Time-resolved amplified iFRET detected by FLIM
iFRET relies on a two-site labeling assay, which is illustrated in

Supplementary Fig. S1B. Briefly, two primary antibodies are used to
detect the receptor and ligand, respectively. These antibodies are then
labeled with Fab fragments conjugated to the donor chromophore
ATTO488 (for the receptor) and horseradish peroxidase (HRP) for the
ligand. Tyramide signal amplification is then used to label HRP with
the acceptor chromophore, ALEXA594 (Supplementary Fig. S2A).
The conjugation of the chromophores to Fab fragments, which bind to
the two primary antibodies, allows the critical FRET distance of 10 nm
or less to be maintained and provides the appropriate tool for
measuring cell–cell interactions. It should be noted that additional
stains, such asDAPI, cannot be added to iFRET samples as they disrupt
the ability of ATTO488 and ALEXA594 to undergo FRET. Using a
semi-automated, high-throughput mfFLIM (FASTBASE Solutions S.
L; Supplementary Fig. S2B), a mapping file was created, whichmapped
each region of interest according to its position on the slide (Veeriah
and colleagues, 2014; ref. 19; Supplementary Materials and Methods).
Phase lifetimes, average intensities, and lifetime imageswere calculated
automatically and translated to an excel spreadsheet. A decrease of
donor lifetime (tD) in the presence of the acceptor chromophore
(tDA) is indicative of resonance energy transfer. FRET efficiency (Ef
%) values were calculated using the following equation, where tD and
tDA are the lifetimes of the donor in the absence and presence of the
acceptor, respectively.

Ef %ð Þ ¼ 1� tDA
tD

� �� �
� 100

Because of the F€orster radius (R0) of the chromophore pair
ATTO488 andAlexa594, theminimumdistance that can exist between
the chromophores is 5.83 nm (Supplementary Fig. S2C; Supplemen-
tary Materials and Methods). At this distance, energy transfer is
maximal and yields a FRET efficiency of 50%.

iFRET assay for PD-1/PD-L1 interaction in cell culture
The commercially validated Promega Blockade Bioassay, originally

designed to measure the antibody blockade of PD-1/PD-L1 and
CTLA-4/CD80 interaction by luminescence, was adapted for an iFRET
protocol with the aim of verifying the technique for detecting inter-
cellular interaction of these ligand/receptor pairs. Cells were obtained
from the Promega Blockade Bioassay and screened for Mycoplasma
prior to dispatch. These cells were thawed and directly used in this
assay only. PD-L1–expressing CHO-K1 cells were seeded onto Milli-
cell 8-well plates andwere incubated at 37�Cwith 5%CO2 for 16 hours.
The experimental blocking antibody, J1201 (anti-PD-1), was added to
four wells at 25 mg/mL final concentration to inhibit receptor–ligand

interaction. PD-1–expressing Jurkat cells were subsequently seeded in
all wells and the plates were incubated for 20 hours at 37�C with 5%
CO2. The unbound cells were removed and the plates were washed
three times for 5 minutes with PBS before being fixed with 4%
paraformaldehyde (PFA) for 12 minutes. The PFA was then removed
and the plates were washed three times for 5 minutes with PBS. All
samples were incubatedwith endogenous peroxidase suppressor for 30
minutes at room temperature before being washed with PBS. They
were subsequently incubated with 1% (10 mg/mL) BSA for 1 hour at
room temperature before further washing with PBS three times.

Primary antibody staining was carried out by adding mouse anti-
PD-1 (1:100 in BSA), the donor only (D) readout condition. Mean-
while, the donor plus acceptor (D/A) readout condition was labeled
with both anti-PD-1 (1:100) and rabbit anti-PD-L1 (1:500). The plate
was incubated overnight at 4�C before being washed twice with PBS
containing 0.02% Tween 20 (PBST). Secondary Fab fragments were
added, the Dwells were labeled with anti-mouse FabATTO488 (1:100)
and the D/A wells labeled with FabATTO488 (1:100) and anti-rabbit
FabHRP (1:200). The plate was then incubated for 2 hours at room
temperature before being washed twice with PBST and once with PBS.

Tyramide signal amplification was performed on the D/A wells for
20 minutes in the dark, via the addition of Alexa594-conjugated
tyramide diluted in amplification buffer (1:100) in the presence of
0.15% H2O2 (Supplementary Fig. S2A; Veeriah and colleagues, 2014
and Miles and colleagues, 2017; refs. 19, 20) The D/A wells were
washed twice with PBST and once with PBS to remove the tyramide.
Prolong diamond antifademount (5 mL) was added to each well before
being mounted with a coverslip.

iFRET assay for CTLA-4/CD80 interaction in cell culture
CTLA-4–expressing Jurkat cells were first seeded onto Millicell

8-well plate, before the blocking antibody, ipilimumab (anti-CTLA-4),
was added to four wells at 100 mg/mL final concentration. The CD80–
expressing Raji cells were subsequently seeded and incubated for
20 hours at 37�C with 5% CO2. Unbound cells were removed by PBS
washes. The cells were fixed, underwent endogenous peroxidase
suppression, and were blocked with BSA as described previously in
the PD-1/PD-L1 cell assay. The primary antibodies were added; D
wells were labeled with mouse monoclonal anti-CTLA-4 (1:100) and
the D/A wells labeled with both anti-CTLA-4 (1:100) and rabbit
polyclonal anti-CD80 (1:100). The rest of the protocol was conducted
as described above for the PD-1/PD-L1 singe-cell assay.

iFRET assay for PD-1/PD-L1 interaction in FFPE ccRCC tissue
Human ccRCC tissue samples were provided by Cruces University

Hospital (Barakaldo, Bizkaia, Spain). Consecutive cross-sections of
tissues were mounted on separate slides to allow D and D/A antibody
labeling. Samples were obtained from 22 patients, from which, five
consecutive tissue section slides were provided. Of the five samples,
twowere available for D and two for D/A staining, while the remaining
section was analyzed using H&E staining to determine regions of
immune infiltration.

IHC with PD-L1 (SP-142, Ventana) was performed in Benchmark
Ultra (Ventana) Immunostainers following the specific protocol
recommended by the manufacturer.

For iFRET sample preparation, antigen retrieval was carried out
using Envision Flex solution, pH 9, and a PT-Link Instrument (Dako),
where the slides were heated to 95�C for 20 minutes. Remaining
paraffin was removed by PBS washes before containing tissue areas
with a hydrophobic PAP pen border. One to 2 drops per slide of
endogenous peroxidase suppressor were added and the slides were
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incubated in a humidified tray for 30 minutes at room temperature.
The slides were then blocked with BSA and D slides were labeled with
anti-PD-1, while D/A slides were labeled with anti-PD-1 plus anti-PD-
L1, following the previously described cell assay protocol.

iFRET assay for PD-1/PD-L1 interaction in FFPE malignant
melanoma TMAs

Humanmalignant melanoma TMAswere provided byNottingham
University Hospital (Nottingham, England, United Kingdom). Con-
secutive cross-sections of tissues were mounted on separate slides to
allow D and D/A antibody labeling. Samples from 176 patients, with
two consecutive tissue section slides per patient were provided. Of the
two samples, one was available for D and one for D/A staining. The
primary antibodies used were anti-PD-1 and anti-PD-L1 following the
same protocol as the FFPE RCC tissue above.

iFRET assay for PD-1/PD-L1 interaction in FFPE metastatic
NSCLC

Human metastatic NSCLC tissue slices were provided by Institut
Bergoni�e (Bordeaux, France). Consecutive cross-sections of tissues
weremounted on separate slides to allowD andD/A antibody labeling.
Samples from40patients, with two consecutive tissue section slides per
patient were provided. Of the two samples, one was available for D and
one forD/A staining. The primary antibodies usedwere anti-PD-1 and
anti-PD-L1 following the same protocol as the FFPE ccRCC tissue
above.

Statistical analysis
Statistical analysis and box and whisker plots were performed using

Origin Pro8. Statistical differences were calculated between groups
using the Mann–Whitney U test (values indicated on the box and
whisker plots). The Mann–Whitney U test is a non-parametric test,
thus not assuming a normal distribution of results. Box and whisker
plots represent the 25%–75% (box) and the 1–99 (whiskers) ranges.
Statistical differences are indicated with P ≤ 0.05. Kaplan–Meier
survival analysis was performed using SPSS. SPSS was also used to
calculate Cox regression for survival analysis to assess which factors
(age, sex, tumor stage, and interaction state) were impacting overall
survival. For NSCLC, patients were ranked in order of their FRET
efficiency (interaction status) and split into the two groups, those with
the lowest 60% of median FRET efficiencies and those with the highest
40%. For melanoma, patients were split into the highest 20% and
lowest 80% of FRET efficiencies. To determine these cut-off points for
patients with melanoma and NSCLC, maximally selected rank statis-
tics were performed using the R statistical software (version 3.6.2) and
the maxstat (version 0.7–25) package, which provides several P value
approximations (21, 22).Maximally selected rank statistics can be used
for estimation as well as evaluation of a simple cut-off pointmode. The
results provided by maxstat were consistent with the choice of bottom
80% and top 20%, and 60% and 40%, respectively. The log-rank
(Mantel–Cox) test was carried out to determine significant differences
between the groups.

Results
Development, validation, and benchmarking of a novel
amplified FRET imaging assay for determining immune
checkpoint interaction in ex vivo assays

The iFRET assay used to measure the immune checkpoint inter-
action state is based on time-resolved FRET. Here, FRET acts as a
“chemical ruler,”measuring distances of 1–10 nm, which are the same

order of magnitude as cell surface interactions. The maximum FRET
efficiency value permitted is 50% (Supplementary Materials and
Methods). Our definition of interaction is distances under 10 nm, as
opposed to proximity ligation assay (PLA), which detects distances of
tens of nm and colocalization assays, which range from 100 nm up to
20 mm (Supplementary Fig. S1A; refs. 14, 23).

To develop and validate iFRET for the measurement of immune
checkpoint interactions, two antibodies (Promega) were employed;
J1201, an experimental antibody for blocking PD-1/PD-L1 interac-
tions, and ipilimumab, for blocking CTLA-4/CD-80 interactions.
These antibodies were used to verify iFRET as a technique for detecting
the intercellular interaction of these ligand/receptor pairs. These
antibodies and cell lines were chosen as they were components from
a commercially available validated assay.

Figure 1 illustrates the intercellular interaction of PD-1 and PD-L1,
on Jurkat and CHO-K1 cells, using iFRET. Cells were not permeabi-
lized and therefore, the observable interaction was that of two mem-
brane-bound, extracellular proteins. The FLIM images provided in the
following figures consist of pseudocolor lifetime maps, which repre-
sent lower lifetimes (red) and higher lifetimes (blue). Also provided are
grayscale intensity maps, which indicate donor (PD-1 or CTLA-4)
expression and acceptor (PD-L1 or CD80) expression. In untreated
cells, a lifetime decrease from 1.39 � 0.11 ns to 1.19 � 0.12 ns was
detected, resulting in a FRET efficiency of 14.38% (Fig. 1A). FRET
efficiency is correlated to molecular distance; Supplementary Table S3
indicates the range of receptor–ligand distances obtained for the
following results. In cells treated with 25 mg/mL of experimental
blocking antibody, J1201, the lifetime reduced from 1.35 � 0.10 ns
to 1.29� 0.13 ns, yielding a FRET efficiency of 4.44% (Fig. 1B). iFRET
signal was not observed when either of the primary staining antibody
was omitted. Moreover, when each cell type was analyzed alone, no
interaction state was detected. The findings indicate that the decrease
in donor lifetime reflected by the high FRET efficiency was due to the
specific interaction of PD-1 and PD-L1, which was attenuated in the
presence of J1201. In both cases, intensity maps confirm the presence
of the donor, PD-1 and acceptor, PD-L1. In Fig. 1C, a box and whisker
plot compares FRET efficiency values in the absence and presence of
experimental blocking antibody, J1201 (25 mg/mL). Each point on the
graph represents one region of interest, which may contain between
five and 25 cells. Mean FRET efficiencies� SEM are indicated. Mann–
Whitney U analysis determined statistical differences between treated
and untreated cells (��, P ¼ 0.004).

Intercellular CTLA-4 and CD80 interactions, in Jurkat and Raji
cells, were also assessed using iFRET (Fig. 2). Here, in the absence
of the blocking antibody, ipilimumab, donor lifetime decreased from
1.96 � 0.17 ns to 1.45 � 0.11 ns in the presence of the acceptor. This
resulted in a FRET efficiency of 26.02% (Fig. 2A). When ipilimumab
was added at 100 mg/mL, the donor lifetime decreased from
2.06 � 0.12 ns to 1.98 � 0.09 ns, resulting in a FRET efficiency of
3.88% (Fig. 2B). Intensity maps confirm the expression of CTLA-4
(donor) and CD-80 (acceptor). Box and whisker plot (Fig. 2C)
compares FRET efficiency values in the absence and presence of
100 mg/mL ipilimumab. Each point on the graph represents one region
of interest, which may contain between five and 25 cells. Mann–
Whitney U analysis determined statistical differences between treated
and untreated cells (���, P ¼ 3.27 � 10�7).

To benchmark the effectiveness of the iFRET assay in clinically
relevant settings, we compared the assaywith a PLA,which in principle
can also visualize PD-1 and PD-L1 within proximities of approxi-
mately 40 nm. To achieve this comparison, iFRET and PLA were run
on sequential ccRCC tissue sections from the same tissue block. Prior
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to the investigation, sampleswere determined PD-L1 positive (>1%) or
negative (<1%) using the Roche VENTANA PD-L1 (SP142) assay.

PLA allowed the qualitative visualization of PD-1 and PD-L1 within
close proximity (Supplementary Fig. S3A). The PD-L1–positive
ccRCC sample labeled with anti-PD-1, anti-PD-L1, and PLA þ/�
probes produced measurable PLA signals, albeit comparatively weak
signals. Furthermore, PLA signals were observed across both exper-
imental and control groups (normal renal tissue), possibly due to PLA

only determining close proximity (up to 40 nm) as opposed to direct
interaction (≤10 nm), limiting the specificity of the assay (24).

The box and whisker plots show the interaction states in
the PD-L1–positive and PD-L1–negative groups. In the PD-L1–
negative group, PLA failed to detect an interaction, whereas iFRET
detected two areas of significant interaction (Supplementary
Fig. S3B). These observations suggest that iFRET provides greater
sensitivity and specificity than PLA, allowing the identification

Figure 1.

iFRET detects and quantifies PD-1/
PD-L1 interaction between CHO-K1
and Jurkat cells. A, FLIM images
consist of grayscale expression maps
indicating PD-1 expression (donor,
ATTO488) and PD-L1 expression
(acceptor, ALEXA594). Pseudocolor
lifetime maps indicate the lifetime of
the donor alone and lifetime of the
donor in the presence of the acceptor.
A lifetime decrease from 1.39 � 011 ns
to 1.19 � 0.12 ns yields an FRET
efficiency of 14.38% in untreated cells.
B, When treated with 25 mg/mL J1201
(experimental anti-PD1 blocking anti-
body), the donor lifetime decreased
from 1.35 � 0.10 ns to 1.29 � 0.13 ns.
This gives an FRET efficiency of
4.44%, indicating a significant reduc-
tion of PD-1/PD-L1 interaction. C, Box
and whisker plot compares FRET
efficiency values in the absence and
presence of experimental blocking
antibody, J1201 (25 mg/mL). Each
point on the graph represents one
region of interest, which may contain
between five and 25 cells. Mean FRET
efficiencies � SEM are indicated.
Mann–Whitney U analysis determined
statistical differences between treated
and untreated cells. �� , P ¼ 0.004.
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of tumor-mediated immune suppression in patients otherwise
considered as PD-L1 negative.

PD-L1 expression does not correspond to interaction status of
PD-1 and PD-L1 in ccRCC

Following iFRET optimization and benchmarking, we assessed the
interaction of PD-1 and PD-L1 in the subsequent FFPE ccRCC tissue
sections from the above cohort of patients with as yet unknown
outcomes. The series included samples from 22 patients considered

as PD-L1 negative (<1%) or positive (>1%), as determined using the
Roche VENTANA PD-L1 (SP142) assay and MSTS. Three regions of
interest per patient sample were analyzed and the mean FRET
efficiency for each patient was calculated. Across these patients, mean
FRET efficiencies varied from 0.17% to 14.1%, indicating iFRET is able
to quantitatively detect the heterogeneity of PD-1 and PD-L1 inter-
action states in patients. Figure 3A shows a sample with a donor
lifetime decrease from 1.91� 0.18 ns to 1.58� 0.19 ns. This resulted in
a FRET efficiency of 17.28%. Notably, PD-L1 expression, classified by

Figure 2.

iFRET precisely determines CTLA-4/
CD80 interaction between Raji and
Jurkat cells. A, In untreated Raji and
Jurkat cells, the donor lifetime decreased
from 1.96� 0.17 ns alone to 1.45� 0.11 ns
in the presence of the acceptor. This
gives an FRET efficiency of 26.02%.
B,When treatedwith 100 mg ipilimumab,
donor lifetime decreased from 2.06 �
0.12 ns to 1.98 � 0.09 ns. This results in
an FRET efficiency of 3.88%. C, Box and
whisker plot compares FRET efficiency
values in the absence and presence
of 100 mg/mL ipilimumab. Each point
on the graph represents one region of
interest, which may contain between
five and 25 cells. Mann–Whitney U anal-
ysis determined statistical differences
between treated and untreated cells.
��� , P ¼ 3.27 � 10�7.
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Figure 3.

iFRET detects heterogeneity of PD-1 and PD-L1 interaction in FFPE ccRCC. A, Intensity images and lifetimemaps (pseudocolor scale) of FFPE human ccRCC patient
sample 16-15203. A decrease in donor lifetime from 1.91� 0.18 ns alone to 1.58�0.19 ns in the presence of the acceptor gives an FRET efficiency of 17.28%.B, Box and
whisker plots show the interaction state of each patient in either the PD-L1–negative or PD-1–positive group. Here, iFRET identified that 11 of the 12 PD-L1–negative
patients had a significant interaction state. Conversely, one patient in the PD-L1–positive group exhibited no interaction state.
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MSTS, did not correlate with the interaction status of PD-1 and PD-L1
as determined by iFRET (Fig. 3B). Crucially, iFRET detected signif-
icant interaction states in 11 of the 12 PD-L1–negative patients, a
functional state that was not detected by conventional IHC methods.
Conversely, 1 PD-L1–positive patient showed a minimal interaction
state (Fig. 3B).

PD-1/PD-L1 interaction state is indicative of patient outcome in
malignant melanoma

After analyzing PD-1/PD-L1 interaction in ccRCC tissue, the
interaction status in 176 patients with malignant melanoma with
known outcomes was assessed. The cohort, which consisted of treated
and untreated patients, was predominantly male with a split of 102
males/71 females and a mean age of 66.1 years. Twenty-five percent of
patients had stage I tumors, 43.5% had stage II tumors, 9.4% had stage
III tumors, and 22.1% had stage IV tumors. Tumor-infiltrating
lymphocytes were absent in 39 patients, and 101 patients had focal
infiltration with 30 patients experiencing extensive infiltration (Sup-
plementary Table S1). Of the 176 patients, 148 were untreated, 14
received immunotherapies (nivolumab, pembrolizumab, or ipilimu-
mab), and 14 received non-immune therapies (radiotherapy, chemo-
therapy, or small-molecule inhibitors, e.g., vemurafenib, trametinib,
and dabrafenib).

Figure 4A shows the H&E staining of a primary cutaneous
malignant melanoma. The panels on the left show the H&E staining
of patient 390, a non-ulcerated tumor sample with no tumor-
infiltrating lymphocytes, this patient had an FRET efficiency of
3.50%. The top panel shows a �5 magnification with the lack of
ulceration circled, and subsequent �10 magnifications show the
lack of tumor-infiltrating lymphocytes. The panels on the right
show patient 131, with high tumor-infiltrating lymphocytes, this
patient had an FRET efficiency of 26.20%. The top panel here
shows a�5 magnification indicating the tumor-infiltrating lympho-
cytes (black circled area) and tumor ulceration (blue circle). The sub-
sequent middle and bottom panels show �10 magnifications
of lymphocyte infiltration and tumor ulceration, respectively.
Figure 4B shows FLIM images of the sample of patient 390, where
intensitymaps illustrate the expression of PD-1 and PD-L1.Here, the
pseudocolor scale runs from 3.5 ns (blue) to 0.5 ns (red). Despite a
high expression of PD-L1 in this patient’s sample, a low change in
donor lifetime was observed; donor lifetime alone was 1.95� 0.16 ns
and slightly decreased to 1.88 � 0.15 ns in the presence of the
acceptor. The resulting FRET efficiency was 3.50%. Conversely,
Fig. 4C shows the sample of patient 131. As observed in the sample
of patient 390, patient 131s’ sample demonstrated a prominent level
of PD-L1 expression. However, unlike patient 390, patient 131
displayed a high interaction state between ligand and receptor, with
the donor lifetime decreasing from 2.22 � 0.19 ns to 1.64 � 0.15 ns
when in the presence of the acceptor, with a resulting FRET efficiency
of 26.20%. These results reinforce the hypothesis that PD-L1 expres-
sion does not correlate with PD-1/PD-L1 interaction.

The interaction state was assessed with respect to clinical PD-L1
expression scores for 159 of the 176 patients in this cohort (PD-L1
scores were not available for the remaining 17 patients). Figure 5A
shows the lack of correlation between clinical PD-L1 expression scores
and interaction state determined by iFRET. Here, the clinical IHC
images of patient 390 (bottom) and patient 131 (top) are shown.As this
was performed on a TMA, each patient had one FRET efficiency value,
with each point of the box and whisker plot representing one patients’
FRET efficiency. Of the 117 patients who were stratified as being PD-
L1 negative, 58 showed a PD-1/PD-L1 interaction state; a functional

state not detected by conventional IHC methods. Of the 42 patients
who were in the PD-L1–positive group, 19 showed no interaction
despite the presence of the ligand.

We then correlated PD-1/PD-L1 interaction state with patient
survival. The cohorts were ranked in order of their FRET efficiency
values and sorted into the following categories: those with the lowest
80% of FRET efficiencies and those with the highest 20%. In Fig. 5B,
Kaplan–Meier survival analysis revealed that those with the lowest
80% of FRET efficiencies had a significantly worse outcome than those
with the highest 20% (log-rankMantel–Cox, P¼ 0.05). Cox regression
for survival analysis revealed PD-1/PD-L1 interaction was the only
significant factor impacting overall survival (P ¼ 0.019). We then
sought to apply Kaplan–Meier analysis to correlate the clinical PD-L1
scores with patient outcome. In Fig. 5C, there is no significant
difference in outcome between the PD-L1–positive and PD-L1–
negative patients (log-rank Mantel–Cox, P ¼ 0.87). This illustrates
that iFRET is more informative on patient outcome than conventional
IHC approaches reporting ligand expression.

Lower PD-1/PD-L1 interaction states correlate with worsened
overall and progression-free survival in metastatic NSCLC

Next, in an outcome blinded study, we applied iFRET to samples
from patients with metastatic NSCLC. A statistical power calculation
indicated that, to obtain results with at least 80% significance, a sample
number of >30 was required, hence we tested 60 FFPE samples, all
from anti-PD-1 posttreatment patients. Of these 60 patients, 40 had
clinical follow-up and outcome and were used to create Kaplan–Meier
survival plots. The cohort comprised of 36 males and 24 females with
an age range of 44–86 years (median age, 63 years; Supplementary
Table S2). Performance status was defined, and 50 patients had a
performance status of ≤1 and 10 patients had a status of ≥1 (see
Materials and Methods).

Pathologist assessment highlighted regions of interest within each
sample by identifying tumors and regions of immune cell infiltration
for each sample. To analyze the whole region of interest within a
patient sample, multiple subregions were analyzed for PD-1/PD-L1
interaction state, resulting in a range of FRET efficiencies for each
patient. Figure 6A shows FLIM images demonstrating that as in other
tumor settings (see above), PD-1 and PD-L1 expression levels do not
correlate with interaction state. The pseudocolor scale (ranging from
1.0 ns to 2.7 ns) illustrates a donor lifetime decrease from1.99� 0.17 ns
to 1.44� 0.14 ns yielding an FRET efficiency of 27.64%. Figure 6B is a
box and whisker plot, where each plot represents 1 patient. Each plot
represents all the FRET efficiency values obtained for each patient, with
the median value written above each plot. The highest median FRET
efficiency value was 29.90% and the lowest being 0.00%. The box and
whisker diagram demonstrates the ability of iFRET to quantify inter-
and intrapatient heterogeneity of PD-1/PD-L1 interactions in meta-
static NSCLC (Fig. 6B).

The survival data of 40 patients were subsequently analyzed and
correlated to each patient’s FRET efficiency, indicating their PD-1/PD-
L1 interaction state. Patients were then ranked in order of theirmedian
FRET efficiency and split into the following two groups: those with the
highest 40% of median FRET efficiencies and those with the lowest
60% of median FRET efficiencies. Kaplan–Meier survival analysis
demonstrated that for these anti-PD-1–treated patients, those with
the lowest 60% median FRET efficiency values, and therefore, a lower
PD-1/PD-L1 interaction state, had a significant worsened overall
survival (P ¼ 0.05; Fig. 7A). When analyzing PD-L1 expression
(indicated by acceptor intensity), Kaplan–Meier analysis failed to
determine a difference between those with a high PD-L1 expression
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and those with a low PD-L1 expression (P¼ 0.97; Fig. 7B). This again
shows the shortcomings of using PD-L1 expression levels to determine
patient outcome.

Discussion
This study has demonstrated the application of iFRET to detect

intercellular ligand–receptor interactions. The method combines a

two-site, time-resolved FRET assay and signal amplification, with a
tissue preparation time identical to that of IHC approaches. The high-
throughput frequency domain FRET/FLIM imaging platform allowed
mapping and automated acquisition of data from both cell cultures
and arrayed tissue samples, thereby creating a straightforward pro-
cedure for non-specialized personnel (Supplementary Materials and
Methods). The automatic detection of regions of interest within the
acquisition process significantly reduced operator bias.

Figure 4.

PD-L1 expression does not correlate with PD-1/
PD-L1 interaction state in malignant melanoma.
A, The H&E staining of the sample of patient 390
with an FRET efficiency of 3.50% (left). A scan-
ning view of the non-ulcerated (blue circle)
tumor at�5 magnification, with the subsequent
images showing high power (magnification,
�10) images of the tumor, highlighting a lack
of tumor-infiltrating leukocytes (top). The H&E
staining of patient 131 with an FRET efficiency of
26.20% (right). A scanning view of the tumor
with the tumor-infiltrating leukocytes shown
(black marked area) and tumor ulceration (blue
circle; top). Tumor leukocyte infiltration (mid-
dle) and tumor ulceration (bottom) at a magni-
fication of �10. B, FLIM images show a melano-
ma with a low PD-1/PD-L1 interaction state.
Expression images, based on PD-1 or PD-L1
intensity, show the presence of the receptor and
ligand, however, the lifetime map shows no
change in pseudocolor, indicating a lifetime
change from 1.95 � 0.16 ns to 1.88 � 0.15 ns and
thus, no interaction state. C, FLIM images show
a melanoma sample with a high PD-1/PD-L1
interaction state. Again, the expression maps
show the presence of PD-1 and PD-L1 as in
B, however, the change in pseudocolor repre-
sents a change in lifetime from 2.22 � 0.19 ns to
1.64� 0.15 ns, indicating a high interaction state.
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This assay measures receptor–ligand distances of 1–10 nm and
determines interaction as any distance that falls within this range.
Currently, alternative assays have utilized PD-1 and PD-L1 expression
to determine receptor–ligand proximity. Tumeh and colleagues, 2014,
have applied an assay that determines the presence of PD-1 and PD-L1
in close proximity to be an interaction (25). However, the working
distances of intensity colocalization assays are far greater (70 nm–

20 mm) than that of iFRET. Moreover, when expression readouts were
used in the pathologies assessed here, PD-L1 expression did not
correlate with interaction state or patient outcome.

The iFRET methodology was exemplified for assessing the inter-
action status of two immune checkpoint pairs, PD-1/PD-L1 and
CTLA-4/CD80, in single-cell assays and biopsy tissue samples from
patients with ccRCC, primary malignant melanoma, and metastatic

Figure 5.

PD-1/PD-L1 interaction state predicts patient
outcome inmalignantmelanoma, where PD-
L1 expression fails to do so. A, PD-L1 was
labeled and patients’ clinical PD-L1 expres-
sions were determined as PD-L1 negative or
PD-L1 positive. PD-L1 expression status was
correlated with interaction state. Within the
patients’ assessed as PD-L1 negative, iFRET
determined 58 patients that showed an
interaction state, with 59 patients in the
PD-L1–negative group showing no interac-
tion state. Conversely, in those patients clin-
ically stratified as PD-L1 positive, iFRET
determined that 19 of 42 patients showed
no interaction state. The IHC PD-L1 images of
patients 390 and 131 with FRET efficiencies
of 3.50% and 26.2%, respectively, are shown.
B, Kaplan–Meier survival analyses compar-
ing patients with the highest 20% of FRET
efficiencies and those with the lowest 80%
(n ¼ 176). Those with a lower PD-1/PD-L1
interaction state (lower FRET efficiency) had
an improved overall survival compared with
those with a higher interaction state (log-
rank Mantel–Cox, P ¼ 0.05), underpinning
the ability of iFRET to predict patient out-
come. C, Clinical PD-L1 scores defined
patients as being PD-L1 positive or PD-L1
negative. Kaplan–Meier analysis detected no
significant difference in patient outcome
when correlated with PD-L1 expression
(log-rank Mantel–Cox, P ¼ 0.87), exhibiting
that PD-L1 expression levels fail to predict
patient outcome.
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Figure 6.

iFRET quantifies PD-1/PD-L1 interaction state in metastatic NSCLC alongside inter- and intrapatient heterogeneity. A, FLIM images show intensity and lifetime
maps of a FFPE metastatic NSCLC sample. Intensity images show PD-1 and PD-L1 expressions, respectively. The pseudocolor scale illustrates a donor lifetime
decrease from 1.99 � 0.17 ns to 1.44 � 0.14 ns, yielding an FRET efficiency of 27.64%. B, Box and whisker plots quantify the interaction states observed, with
each plot representing the interaction states detected within each patient sample. Values above each plot represent the median FRET efficiency value for each
patient sample. The highest median FRET efficiency value observed was 29.90% and the lowest 0.00%. iFRET not only quantifies interpatient heterogeneity
but also intrapatient heterogeneity.
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Figure 7.

Lower PD-1/PD-L1 interaction correlates to a significantly worsened patient survival in metastatic NSCLC. A,Anti-PD-1 post-treatment patients were ranked by their
mean FRET efficiency value and grouped into the following: the lowest 60%ofmedian FRET efficiencies and the highest 40%ofmedian FRET efficiencies. Thosewith
the lowest 60% of median FRET efficiencies had a significantly (P ¼ 0.05) worsened overall survival. B, Patients were ranked by their PD-L1 expression (acceptor
intensity) and split into the lowest 60%ofmedian acceptor intensities and the highest 40%. Kaplan–Meier survival analysiswas unable to detect a difference between
the two groups (log-rank Mantel–Cox, P ¼ 0.97).
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NSCLC. The initial validation of the method in single-cell coculture
assays, where manipulation of ligand–receptor interactions can
be specifically suppressed, has provided the confidence to assess
these complexes in patient biopsies. The additional controls
with respect to the use of secondary labeled reagents only, without
the presence of primary antibodies, adds further control to this two-
site assay.

Comparison of iFRET with PLA provided evidence that the latter
did not perform as well in these settings in identifying interaction.
By its very design, the iFRET methodology elaborated here provides
both a measure of ligand–receptor interaction and the spatial
resolution of this interaction. Importantly, this is readily achieved
in routinely fixed samples from patient biopsies, offering great
promise in being able to inform on the more detailed behavior of
these interactions and their distribution within pathologic settings.
This is well illustrated here with the observed heterogeneity seen not
simply between patient biopsies, but within individual biopsies
reflected in the spread of FRET efficiencies across regions of interest
for individual patients. This heterogeneity may reflect differential
patterns of reprogramming of the tumor microenvironment playing
out in modified immune suppressive ligand presentation and/or
variability in the degree of immune cell infiltration.

A lack of correlation between the extent of PD-1/PD-L1 interaction
state and the expression levels of these two proteins was evident in
ccRCC, malignant melanoma, andmetastatic NSCLC cohorts. In both
melanoma and NSCLC, it was shown that PD-L1 expression levels
were unable to predict patient outcome. This questions current pro-
tocols that rely on IHC PD-L1 expression levels to predict patient
outcome and, thus, have implications for the use of simple expression
levels to stratify patients for treatment. Moreover, in patients with
ccRCC, high interaction states were observed in patients who would
otherwise be labeled as PD-L1 negative. Blockade of interaction would
be predicted to be effective in contexts where elevated levels of
interaction occur and is by inference responsible for the immune
privileged state of the tumor. Hence, interaction would a priori be a
criterion for treatment.

To examine the potential impact of this approach further, a unique
cohort of patients with metastatic NSCLC was studied. The cohort of
patients from which the FFPE samples were derived were all treated
with anti-PD-1 monotherapies and had full clinical follow-up and
outcomes. Within this cohort, iFRET has shown the potential for a
high versus low PD-1/PD-L1 interaction state to be utilized as a
predictive clinical biomarker posttreatment. Conceptually, it is sur-
mised that a high degree of PD-1/PD-L1 interaction infers tumor
selection in patients, indicating that the patient’s tumor may be reliant
on PD-1/PD-L1 interaction to facilitate immune evasion. It is precisely
this group of patients that would be expected to respond to immune
checkpoint inhibition.

As thesewere post-treatment samples from responsive patients with
metastatic NSCLC, it was questioned why a high level of PD-1/PD-L1
interaction state might be observed? The pharmacodynamics of
immune checkpoint disruption as a measure of target interaction
have not been monitored to date. As such, it is not known whether
blockade of checkpoint interaction needs to be either sustained or
complete. The working hypothesis derived from this dataset is that
interaction is likely incomplete and as such, a threshold level of
T-lymphocyte complex disengagement is sufficient to trigger the
observed responses to intervention. It will be informative in a suitable
setting to monitor complex disengagement as a function of time
following treatment.

Those patients with low interaction and therefore, worsened
survival may nevertheless benefit from alternative immune
therapies. These tumors may evade the immune system by
dysregulating CTLA-4/CD80 or other inhibitory interactions.
Furthermore, no tumor will discretely dysregulate one pathway,
in fact, a tumor may evolve to evade host immune response by
modulating multiple pathways simultaneously, indicating a
patient group who would benefit from dual checkpoint inhibitor
therapies (26, 27).

iFRET can be exploited to monitor other intercellular protein
interactions and there are ongoing developments designed to capture
related immune modulatory interactions pertinent to cancer and
emerging cancer treatments. This provides the potential for iFRET
to become a useful predictive tool informing on the nature of the tumor
immune-privileged state. While single-region analysis has here pro-
vided insight into treatment responses, multiregional analysis may
provide a more comprehensive view. Furthermore, as a principle, it is
clear that this approach has capabilities beyond immune–tumor cell
interactions and the broader uptake of the approach promises to be
informative in many research (e.g., axon guidance) and clinical (e.g.,
angiopathies) settings.

The exemplification of iFRET in tumor settings opens up exciting
and powerful newopportunities tomove beyond the cataloguing of cell
phenotypes in situ and add functional attributes to our patient data
inventory, impacting clinical decisions. This is a routine parameter for
small-molecule inhibitors targeted at driver mutations, and we suggest
it should become a routine for these more complex biotherapeutic
interventions.
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