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   Objetives
● To evaluate whether functional quantification of  PD-1/PD-L1 engagement

predicts clinical outcomes in patients with PD-L1–negative (TPS <1%)
NSCLC treated with first-line PD-1/PD-L1–based chemoimmunotherapy.

● To determine if  FRET efficiency, as a surrogate for PD-1/PD-L1 complex
formation, correlates with progression-free survival (PFS), overall survival
(OS), and objective response rate (ORR).

   Conclusions
● Quantitative assessment of  PD-1/PD-L1 complex formation via FRET

efficiency shows promise as a functional biomarker for predicting
immunotherapy benefit in patients with PD-L1–negative NSCLC. These
findings support further investigation into PD-1/PD-L1 engagement as a
predictive tool in this biomarker-limited population.

  Plain Language Summary
○ Why did we perform this research?

Some patients with advanced NSCLC and PD-L1 <1% benefit from 
chemoimmunotherapy, but we lack reliable biomarkers to predict who will 
respond.
○ How did we perform this research?

We used QF-Pro®, an automated FRET-based imaging platform, to measure 
how strongly PD-1 and PD-L1 interact in tumor samples.
○ What were the findings?

Patients with high PD-1/PD-L1 engagement had better responses and longer 
outcomes.
○ What are the implications?

This approach could help identify PD-L1–negative patients more likely to 
benefit from immunotherapy.
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Background
● Chemoimmunotherapy benefits some patients with advanced

NSCLC and PD-L1 TPS <1%, but outcomes are heterogeneous
and robust predictive biomarkers are lacking 1,2,3

● Quantifying PD-1/PD-L1 interaction has emerged as a predictive
biomarker for patient stratification in anti–PD-1/PD-L1–treated
NSCLC and, when combined with PD-L1 expression, may
enhance response prediction4

● This study aimed to determine whether functional quantification
of  PD-1/PD-L1 engagement can serve as a predictive biomarker
and enable functional stratification of  PD-L1–negative NSCLC
for anti–PD-1/PD-L1–based chemoimmunotherapy.

 Methods
● Retrospective cohort of  patients with advanced NSCLC and PD-L1 TPS <1% treated with

PD-1/PD-L1–based chemo-immunotherapy; anti–CTLA-4–based regimens were excluded.

● PD-1/PD-L1 interactions were quantified in FFPE tumor samples using QF-Pro®, a high-
throughput imaging platform applying quantitative functional proteomics and enhanced
Förster resonance energy transfer (FRET); FRET efficiency served as a surrogate for PD-1/
PD-L1 complex formation (Figure 1–2)

● Patients were stratified by FRET efficiency (highest 40% vs. lower 60%) as determined
previously (Ref. 4)

● Primary endpoint: Progression-free survival (PFS) — time from treatment initiation to
disease progression or death.

● Secondary endpoints:
○ Overall survival (OS) — time from treatment initiation to death from any cause.
○ Objective response rate (ORR) — proportion of  patients achieving CR or PR by

RECIST v1.1.
○ Suboptimal response: proportion of  patients with BOR = SD/PD and PFS <6 mo.

A. Multiple tissue areas were selected under
microscopy to generate a mapping file
containing image coordinates.

B. The QF-Pro® software automatically acquired
intensity and lifetime images from each selected
region.

Tumor 
sample

.

D. FRET efficiency was calculated by comparing the
phase lifetime in each ROI of  the donor/acceptor sample
with the mean phase lifetime of  the donor-only control.

C. An intensity-based threshold
(red mask) defined regions of
interest (ROIs), from which
intensity and lifetime data were
extracted

Figure 1. QF-Pro® workflow: A. Tissue regions selected and mapped. B. Software 
auto-acquired intensity and lifetime images. C. Intensity threshold (red mask) defined 
ROIs. D. FRET efficiency calculated by comparing phase lifetimes between donor/
acceptor and donor-only samples.

Figure 2. QF-Pro® Assay Scheme. Schematic representation of  the QF-
Pro® assay for quantifying PD-1/PD-L1 interaction.PD-1 acts as the donor 
and PD-L1 as the acceptor fluorophore; when both are within <10 nm, 
measurable FRET energy transfer occurs. 

 Results
 Patient characteristics
● At the data cutoff (June 6, 2025), 27 patients with advanced NSCLC and PD-L1

TPS <1% treated with first-line PD-1/PD-L1–based chemoimmunotherapy were
included.

● Patient demographics and clinical characteristics, stratified by FRET efficiency (low
≤60% vs high >40%), are summarized in Table 1.

● Representative FRET/FLIM images showing high (A) and low (B) PD-1/PD-L1
interaction, with shorter donor lifetimes (red) indicating energy transfer and
molecular engagement, are shown in Figure 3.
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Figure 3. Representative FRET/FLIM images of PD-1/PD-L1 interaction (A) High FRET efficiency: Representative images from a patient with high 
PD-1/PD-L1 interaction, acquired with the FRET/FLIM Violet 3.0 platform. Grayscale panels show PD-1 (donor) and PD-L1 (acceptor) intensity. Pseudo-
colour lifetime maps display pixel-wise fluorescence lifetimes (blue = longer ~ 4.5 ns; red = shorter ~ 1 ns). Reduced donor lifetime in the presence of 
the acceptor indicates energy transfer and thus molecular interaction. (B) Low FRET efficiency: Representative images from a patient with low PD-1/
PD-L1 interaction acquired under identical conditions. PD-1 and PD-L1 intensity images shown in grayscale; lifetime maps coloured as above. Longer 
donor lifetimes reflect minimal or absent energy transfer, indicating limited PD-1/PD-L1 engagement.

Association Between PD-1/PD-L1 Engagement and Treatment Response
● The median duration of  follow-up was 16.8 months (95% CI, 11.4–22.2)

● Response outcomes in the overall population are shown in Table 2; Patients with
high FRET efficiency showed a significantly higher ORR compared with those
with low FRET efficiency (83.3% vs 33.3%; p = 0.009).

● Mean FRET efficiency was significantly higher in patients with an ORR  (p =
0.042) and lower in those with a suboptimal response (p = 0.004), indicating that
stronger PD-1/PD-L1 engagement correlates with better treatment outcomes
(Figure 4)

Association Between FRET Efficiency and Survival Outcomes
● mPFS for the overall cohort was 9.2 months (95% CI, 4.0–15.2); patients with

high FRET efficiency had a longer PFS than those with low FRET efficiency
(14.6 vs 5.4 months; HR 0.42; 95% CI, 0.15–1.14; p = 0.083).

● mOS was longer in the high FRET efficiency group compared with the low FRET
group (14.8 vs 7.1 months; HR 0.52; 95% CI, 0.18–1.59; p = 0.259), although the
difference was not statistically significant.

● Patients with higher FRET efficiency showed longer PFS and OS, with a significant
positive correlation between FRET efficiency and PFS (rₛ = 0.395; p = 0.042).

Figure 4. Association between FRET efficiency and treatment response Box plots showing mean FRET efficiency according to objective response rate 
(left) and suboptimal response (right). Patients with objective response had higher FRET efficiency (p = 0.042), while those with suboptimal response 
showed lower values (p = 0.004). *P values calculated using the Mann–Whitney U test; *p < 0.05, **p < 0.010.

Figure 5. Association between FRET efficiency and survival outcomes (A–B) Kaplan–Meier curves for PFS and OS stratified by FRET efficiency (high ≥40% 
vs low ≤60%). (C–D) Correlation plots showing the relationship between mean FRET efficiency and PFS or OS. Patients with higher FRET efficiency had 
longer PFS and OS, with a significant correlation between FRET efficiency and PFS (rₛ = 0.395; p = 0.042). Abbreviations: FRET, Förster resonance energy
transfer; PFS, progression-free survival; OS, overall survival. Survival curves compared by the log-rank test; correlations analyzed using Spearman’s rank 
correlation coefficient (rₛ).
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