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Supplementary Figure 1:  A) Scale bar indicating 

the working distances of iFRET (1-10nm) compared to the 

proximity ligation assay (40-100nm) and intensity based 

colocalization assays (70-100+ nm). At the distances of 1-10nm, 

iFRET can determine receptor-ligand interaction as opposed to 

receptor and ligand being in close proximity. The 

relative sizes of the chromophores and primary antibodies 

(1nm and 5nm respectively) are shown. B) iFRET utilises a two-site 

assay which determines the interactive states of the immune-

checkpoint ligands and receptors. Both the receptor and ligand 

are labelled with a primary antibody (anti-mouse and 

anti-rabbit respectively). The anti-mouse primary antibody 

(detecting CTLA-4 or PD-1) is then labelled with a Fab 

fragment conjugated to ATTO488, the donor chromophore. 

The anti-rabbit antibody (detecting CD80 or PD-L1) is then 

labelled with a Fab fragment conjugated to horseradish 

peroxidase (HRP). Using tyramide signal amplification, the HRP 

labels the sample with Alexa594 which acts as the 

acceptor chromophore. FRET can only occur at distances of 1-10nm; 

the use of secondary Fab fragments allows the critical FRET 

distance of 10nm to be maintained. In the schematic shown 

here, the ligand and receptor are interacting. 
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Supplementary Figure 2: A) To observe a good signal to 

noise ratio, tyramide signal amplification is performed on all 

samples. The donor acceptor site (PD-L1 or CD80) is labelled 

with a primary antibody which is labelled with a secondary 

F(ab’)2 fragment conjugated to horseradish peroxidase (HRP). 

When tyramide (a phenol ring conjugated to ALEXA594 at the para 

position) is added to the sample in the presence of H2O2, a free 

radical is generated. The tyramide then covalently bonds to 

nearby tyrosine residues in the sample (on the F(ab’)2 fragment). An 

incubation time of 10 minutes is used to prevent non-specific 

binding of the chromophore to the sample.  B) The top panel 

illustrates the set-up of our mfFLIM platform. A 473nm diode laser is the 

excitation source which is modulated at 40MHz. The LI-FLIM software of 

the computer calculates average donor lifetime per pixel of the 

generated image. The lower panel demonstrates how the incident light 

source (blue) is acousto-optically modulated. The emitted signal from 

the sample is partially de-modulated and out of phase. Our mfFLIM 

platform measures the phase shift to calculate donor lifetime. The 

equations given are used to calculate the distance (r) of two-

chromophores from the donor of the lifetime alone (D) and the lifetime of 

the donor in the presence of the acceptor (DA). C) Left-hand panel 

shows the Förster radius (R0) of ATTO488 and ALEXA594 which is 

5.83nm. This is the closest distance these two chromophores can be and 

is measured from the centre of each chromophore. The right-hand panel 

shows a schematic of the iFRET assay. All objects are drawn to scale 

and it can be seen that the transfer of energy from donor to acceptor will 

only occur if the chromophores are between 5.83nm and 10nm. 
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Supplementary Figure 3: A) Visualisation of PD-1 and PD-L1 co-

localisation in PD-L1 positive (i) and PD-L1 negative (ii) fixed ccRCC 

samples using PLA. Samples were labelled with primary antibodies 

against PD-1 and PD-L1 and secondary PLA probes. Negative controls 

were included whereby PD-L1 and PD-1 primary antibodies were 

replaced with non-specific rabbit IgG and mouse IgG antibodies 

respectively. Rolling circle amplification (RCA) products and nuclei were 

labelled with Cy3 and DAPI respectively. 30 images were acquired for 

the PD-L1 positive section stained with both PD-1 and PD-L1 antibodies 

and 15 for each control. Five images were acquired for each PD-L1 

negative condition. B) PD-1 and PD-L1 interaction status determined by 

iFRET in fixed ccRCC patient samples. Box and Whisker plots 

represent the FRET efficiency values for PD-L1 positive and PD-L1 

negative tissue samples. The mean values ± SEM are indicated, and 

the median is represented by the midline. It is seen that a number of 

patients who would be labelled PD-L1 negative had high PD-1/PD-L1 

interaction states. Conversely, 10 patients who were deemed PD-L1 

positive elicited no PD-1/PD-L1 interaction state. 
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Supplementary Table 1: An overview of the clinical parameters for the 

176 patients in the malignant melanoma cohort. There were more males 

than females in the cohort with the majority of diagnoses occurring in 

patients between 60 and 69. The tumours fell into a range of stages 

with the most common stages being IB, IIA, IIB and IV. Tumour 

infiltrating lymphocytes were absent in 22.9% of patients and present in 

77.1% of patients. 9.2% of patients experienced local recurrence.  
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Supplementary Table 2: An overview of the clinical parameters for the 

60 metastatic NSCLC patients. The cohort were predominantly male 

with a 36/24 split. The age range was 44-86 years old with a median age 

of 63 years. 50 patients had a performance status of ≤1 and 10 patients 

had a status of > 1. All 60 patients were treated with anti-PD-1 therapy. 
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Supplementary Table 3: Each FRET Efficiency that is recorded 

can be translated into a molecular distance between receptor and 

ligand using the two equations given. The table shows the 

receptor-ligand distances of each FRET Efficiency in Figures 2 to 7. 
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