
Theranostics 2026, Vol. 16, Issue 16 
 

 
https://www.thno.org 

9080 

 

Theranostics 
2026; 16(16): 9080-9092. doi: 10.7150/thno.136523 

Research Paper 

Visualizing the distribution of durvalumab targeting PD-
L1 using quantitative fluorescence imaging in patients 
with esophageal cancer 
Anne M. van der Waaij1,*; Ymke J. van Ginkel1,*; Pia Volkmer1,*; Gursah Kats-Ugurlu2; Henrik K. 
Huizinga1,3; Sara Hone Lopez4; Jacco J. de Haan4; Rina Bijlsma5; Laurens A. van der Waaij5; Christina T. 
Muijs6; Anne G.H. Niezink6; Boudewijn van Etten7; Jessie Westerhof1; Massimiliano di Pietro8; Dominic J. 
Robinson, PhD9; Marjolijn N. Lub-de Hooge3; Wouter B. Nagengast1, 

1. Department of Gastroenterology and Hepatology, University of Groningen, University Medical Centre Groningen, Hanzeplein 1, 9713 GZ Groningen, The 
Netherlands. 

2. Department of Pathology and Medical Biology, University of Groningen, University Medical Centre Groningen, Hanzeplein 1, 9713 GZ Groningen, The Netherlands.  
3. Department of Clinical Pharmacy and Pharmacology, University of Groningen, University Medical Centre Groningen, Hanzeplein 1, 9713 GZ Groningen, The 

Netherlands. 
4. Department of Medical Oncology, University of Groningen, University Medical Centre Groningen, Hanzeplein 1, 9713 GZ Groningen, The Netherlands. 
5. Department of Gastroenterology and Hepatology, Martini Hospital, Groningen, Van Swietenplein 1, 9728 NT Groningen, The Netherlands. 
6. Department of Radiation Oncology, University of Groningen, University Medical Centre Groningen, Hanzeplein 1, 9713 GZ Groningen, The Netherlands. 
7. Department of Surgery, University of Groningen, University Medical Centre Groningen, Hanzeplein 1, 9713 GZ Groningen, The Netherlands. 
8. Early Cancer Institute, Department of Oncology, University of Cambridge, Adrian Way, Cambridge CB2 0XZ, United Kingdom.  
9. Department of Otorhinolaryngology, Head and Neck Surgery, Erasmus MC Cancer Institute, Dr. Molewaterplein 40, 3015 GD Rotterdam, The Netherlands.  

*These authors contributed equally.  

 Corresponding author: Prof. Dr. Wouter Nagengast. w.b.nagengast@umcg.nl. 

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). 
See https://ivyspring.com/terms for full terms and conditions. 

Received: 2026.04.21; Accepted: 2026.08.01; Published: 2026.09.02 

Abstract 

Rationale: Immune checkpoint inhibition (ICI) targeting programmed death-1 or its ligand (PD-1/PD-L1) is being explored as an addition 
to standard treatment for esophageal cancer (EC) to improve response rates, yet robust methods for patient selection are lacking. The 
predictive value of PD-L1 expression in biopsies is inconsistent due to intra- and intertumoral heterogeneity, and the impact of 
neoadjuvant chemoradiotherapy (CRT) on ICI response is unclear. Improving patient selection for receiving ICI therapies in patients with 
EC requires a better understanding of the drug’s distribution and target binding. Here, we investigated the distribution of fluorescently 
labelled durvalumab (durvalumab-680LT) using ultrasound-guided quantitative fluorescence molecular endoscopy (US-qFME) before and 
after CRT in 20 patients with EC.  
Methods: US-qFME included in vivo mucosal fluorescence imaging, spectroscopic quantification, and biopsy sampling of the tumor and 
healthy tissue. For dose optimization, 0, 4.5, 15, and 25 mg durvalumab-680LT were used pre-CRT.  
Results: Quantifying in vivo fluorescence revealed a dose-dependent increase in the durvalumab-680LT signal in tumor tissues pre-CRT, 
with the highest fluorescence intensity and highest interpatient variability in the 25-mg group (ranges: 4.5 mg: 0.0101–0.0202 mm⁻¹, 15 
mg: 0.01295–0.03225 mm⁻¹, 25 mg: 0.01720–0.0514 mm⁻¹). Sixty percent of patients (n = 3 in both dose cohorts) in the 15 mg and 25 
mg cohorts exhibited high durvalumab-680LT signals with a tumor-to-healthy tissue ratio ≥2. Lower fluorescence signals were measured 
post-CRT compared to pre-CRT. Finally, durvalumab-680LT binding to tumor cells was confirmed using fluorescence microscopy. 
Conclusions: US-qFME combined with durvalumab-680LT enables the visualization of durvalumab uptake in EC and reveals interpatient 
variability, supporting its potential future role in selecting patients for ICI therapy. 
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Introduction 
Esophageal cancer (EC) is one of the leading 

causes of cancer-related deaths worldwide [1]. EC 
comprised two main histological subtypes: esophageal 

adenocarcinoma (EAC) and esophageal squamous cell 
carcinoma (ESCC), of which EAC is the predominant 
subtype in western countries [2]. In the Netherlands, 
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several valid treatment modalities are available for 
both types of locally advanced EC. The most common 
curative approach includes neoadjuvant 
chemoradiotherapy (nCRT) using the CROSS regimen 
[3] or for EAC perioperative chemotherapy using the 
FLOT (fluorouracil, leucovorin, oxaliplatin, and 
docetaxel) regimen [4, 5], both of which are typically 
followed by surgical resection, an extensive, invasive 
procedure associated with a well-documented high 
complication rate and mortality rate [6, 7]. 
Alternatively, definitive chemoradiotherapy (dCRT) 
may be considered, particularly in patients who are 
not a viable candidate for surgery and/or based on 
tumor characteristics and patient preferences. Despite 
improvements in the treatment of EC, patient survival 
remains low [8-11]. On the other hand, achieving a 
pathological complete response (pCR) following CRT 
is associated with improved long-term outcome [12, 
13]; however, only 16-43% of patients achieve a pCR 
[11]. Thus, improving upon current treatment 
strategies is urgently needed in order to optimize 
clinical outcome in EC.  

In recent years, immune checkpoint inhibitors 
(ICIs) targeted against programmed death-ligand 1 
(PD-L1) and programmed cell death-1 (PD-1) were 
approved for use in both types of EC [14], but are not 
routinely used in a curative setting [15]. In the recently 
reported MATTERHORN trial, Janjigian et al. showed 
that adding the ICI durvalumab to the FLOT regimen 
for gastro-esophageal junction adenocarcinoma 
significantly improved event-free survival compared 
to patients who received FLOT alone [16]. At 18 
months 73.2% of patients receiving 
durvalumab+FLOT remained event-free versus 63.6% 
of patients in the FLOT-only group; at 24 months, 
67.4% and 58.5% of patients, respectively, were event-
free. In contrast, the authors found no difference in 
survival among the patients receiving durvalumab 
when comparing high PD-L1 expression versus low 
PD-L1 expression [16]. Although ICIs can significantly 
increase survival, their use is often associated with 
immune-related adverse events [17]; therefore, 
identifying patients suitable for ICI therapy is crucial 
in order to maximize its clinical benefits while 
minimizing harm.  

In clinical practice, assessing PD-L1 expression 
using the combined positive score (CPS) in biopsy 
samples stained by immunohistochemistry is 
routinely performed in order to select patients eligible 
for palliative treatment with ICI in addition to 
chemotherapy. Approximately half of both types of EC 
cases have high PD-L1 expression [18-21]. However, 
not all patients with high PD-L1 expression benefit 
from therapy, whereas some patients with no 
measurable PD-L1 expression do benefit [16, 22]. 

Tumor heterogeneity, staining variability, sampling 
errors, and “poor” to “fair” inter-observer and intra-
observer agreement amongst pathologists can 
complicate patient stratification if based solely on an 
immunohistochemical evaluation of PD-L1 expression 
[23, 24].  

These limitations highlight the need for new tools 
that can assess the entire patient rather than relying on 
data obtained from a single biopsy site. Such tools will 
improve our understanding of the distribution of ICIs 
and facilitate a more accurate selection of patients for 
the addition of PD-1/PD-L1–targeted therapies for EC, 
while taking into consideration both spatial and 
temporal heterogeneity. Here, we used a novel 
imaging technique called ultrasound-guided 
quantitative fluorescence molecular endoscopy (US-
qFME). Importantly, US-qFME combines mucosal 
quantification using qFME with ultrasound-guided 
fluorescence measurements of tissue below the 
mucosal surface [25]. Thus, US-qFME allows for the 
visualization and quantification of fluorescently 
labelled drugs, revealing valuable information 
regarding the drug’s distribution and binding to its 
target cells. In this study, we used US-qFME to 
measure the uptake and distribution of an ICI using 
fluorescently labelled durvalumab in EC patients 
before and after CRT. By doing so, we aim to take 
initial steps towards the development of an imaging-
based approach that may, in the future, help improve 
patient selection and optimize the timing of anti-PD-
L1 therapy.  

Methods 
Clinical trial design 

This prospective phase I safety, feasibility, and 
dose-finding study was conducted at the University 
Medical Centre Groningen (UMCG). Initially, 21 
patients with locally advanced esophageal cancer 
were included in the study; however, one patient did 
not undergo US-qFME after receiving the tracer due to 
logistical challenges and was therefore excluded from 
the study. To meet the inclusion criteria, patients had 
to be ≥18 years of age and have an indication for either 
nCRT using the CROSS regimen or dCRT. Exclusion 
criteria included concurrent immunosuppressive 
treatment and/or active autoimmune disease, 
esophageal endoscopic resection prior to neoadjuvant 
treatment, a previous infusion reaction to monoclonal 
antibodies, treatment with another investigational 
drug within 30 days prior to administration of 
fluorescently labelled durvalumab, and pregnancy or 
breastfeeding. All participating patients provided 
written informed consent prior to undergoing any 
study-related procedures. The study was approved by 
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the UMCG’s Institutional Review Board (METc 
Groningen; 2022/319) and was conducted in 
accordance with the Dutch Act on Medical Research 
involving Human Subjects (WMO) and in accordance 
with the principles of the Declaration of Helsinki 
(adapted at the 64th WMA General Assembly in 
Fortaleza, Brazil, 2013). The trial was registered at 
ClinicalTrials.gov (NCT05450484).  

GMP manufacturing of durvalumab-680LT 
Fluorescently labelled durvalumab 

(durvalumab-680LT) was developed at the good 
manufacturing practice (GMP) facility in the UMCG 
hospital pharmacy [26]. In brief, commercially 
available durvalumab (Imfinzi, AstraZeneca, 
Cambridge, UK) was conjugated to the near-infrared 
fluorescent dye IRDye680LT (LI-COR Biosciences, 
Lincoln, NE) and was purified using PD-10 buffer 
exchange columns. Finally, durvalumab-680LT was 
formulated in phosphate buffer (pH 7.0) and sterile-
filtered to a concentration of 1 mg/mL. 

Patient groups  
This clinical trial included two separate patient 

groups. The first ten patients were randomly assigned 
to receive either 4.5 mg durvalumab-680LT (n = 5) or, 
to serve as negative controls who did not receive 
durvalumab-680LT (n = 5) group. An interim analysis 
was then conducted to ensure safety and assess 
feasibility before increasing the dose of durvalumab-
680LT. Safety was assessed by monitoring the patients’ 
vital signs (heart rate, blood pressure, and 
temperature) one h after tracer administration, noting 
any potential side effects, including infusion-related 
reactions. In addition, blood samples were analyzed 
before and after tracer administration to evaluate any 
potential adverse reactions such as a change in blood 
count, liver function, or kidney function. Furthermore, 
we reviewed the patients’ medical records for up to 
one week after tracer administration in order to 
identify any delayed adverse events. Safety was 
defined as the absence of tracer-related serious 
adverse events following infusion. Feasibility was 
defined as a visible, quantifiable increase in tracer 
signal within the tumor tissue. 

After confirming the safety and feasibility of 
administering 4.5 mg durvalumab-680LT, an 
additional ten patients were assigned to receive either 
15 mg (n = 5) or 25 mg (n = 5) durvalumab-680LT. 
Decisions regarding these doses for the dose-
optimization study were based on prior fluorescence 
molecular imaging trials conducted by our research 
group [27, 28]. In all patients, durvalumab-680LT was 
administered intravenously 2-4 days prior to 
endoscopy. The administered doses of durvalumab-

680LT were considered to have no therapeutic effect, 
as even the highest dose (25 mg) is 60-fold lower than 
the standard therapeutic dose of 1500 mg 
administered intravenously every 3–4 weeks. The 
study-related procedures are depicted in Figure 1. 

In vivo fluorescence molecular imaging and 
quantification 

All patients underwent standard diagnostic 
procedures prior to CRT, including tumor staging via 
endoscopic ultrasound, followed by study-specific US-
qFME measurements. Additionally, only the patients 
who received durvalumab-680LT (4.5 mg, 15 mg, or 25 
mg) underwent a post-CRT US-qFME procedure 2-5 
weeks after completing nCRT or dCRT. The post-CRT 
procedure was not performed in patients who 
experienced severe side effects. Furthermore, some 
patients were initially scheduled to undergo the 
CROSS CRT regimen; however, based on their 
endoscopic ultrasound findings, their treatment plan 
was revised to perioperative chemotherapy using the 
FLOT regimen. Therefore, these patients were 
subsequently withdrawn from the study following the 
first procedure. The US-qFME procedures included 
the following techniques: (a) high-definition white-
light endoscopy (HD-WLE); (b) in vivo visualization of 
fluorescence using a near-infrared fluorescence 
molecular endoscopy (FME) system built in-house; (c) 
in vivo mucosal quantification using multi-diameter 
single-fiber reflectance/single-fiber fluorescence 
(MDSFR/SFF) spectroscopy; and (d) quantification 
using ultrasound-guided needle biopsy/single-fiber 
fluorescence (USNB/SFF) spectroscopy (Figure 1). In 
addition, biopsies were obtained for ex vivo analyses. 
During all US-qFME procedures, we assessed both the 
primary tumor site (PTS, defined as either the primary 
tumor or its location identified post-CRT) and healthy 
esophageal tissue (defined as tissue located at least 5 
cm from the PTS, given that tissue located within 4 cm 
of the PTS can be exposed to radiation) [29]. 

 The fluorescence images obtained using the 
fluorescence camera were used to quantify the 
fluorescence signal. Both MDSFR/SFF and USNB/SFF 
spectroscopy were used for quantification, with the 
raw fluorescence signal corrected for the effects of 
absorption and scattering parameters [30]. Signals 
were measured at several locations both on the 
mucosal surface and in deeper tissue structures (i.e. 
within the PTS and submucosally in healthy tissue). At 
each location, three measurements were taken, and the 
average signal was calculated. To obtain 
representative overall outcomes for both the PTS and 
the healthy tissue separately, the averages were 
combined for each tissue type (i.e. the average from 
both the mucosal and ultrasound-guided 
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measurements), and the mean value was used for 
further analyses.  

 

Immunostaining  
Ex vivo analyses were performed on the biopsy 

samples to validate the in vivo findings and to gain 
insight into the microscopic distribution of 
durvalumab-680LT in relation to PD-L1 expression. 
Biopsies were obtained from areas in close proximity 
to the sites where the mucosal spectroscopy 
measurements were performed. All biopsy samples 
were formalin-fixed and paraffin-embedded (FFPE), 
and 4-μm thick sections were cut from the FFPE 
blocks. The tissue sections were stained with 
hematoxylin and eosin (H&E) for histopathological 
examination. PD-L1 staining was performed using the 
automated BenchMark ULTRA IHC/ISH system 
(Roche Diagnostics, Rotkreuz, Switzerland) using the 
OptiView DAB IHC protocol. The IHC process 
included automated deparaffinization, antigen 
retrieval, primary antibody incubation using the PD-
L1 22C3 monoclonal antibody (1:50; Agilent, Dako 
M3653), and detection using the OptiView DAB 
detection kit (Roche, cat. 6396500001) in accordance 
with the manufacturer’s instructions. PD-L1 staining 

was assessed by an expert pathologist (author GK) 
who was blinded with respect to the fluorescence 
results, providing a combined positive score (CPS). 
The CPS was calculated by dividing the total number 
of PD-L1–positive tumor cells and inflammatory cells 
(lymphocytes and histiocytes, but not including 
neutrophilic granulocytes, eosinophilic granulocytes, 
or plasma cells) by the total number of tumor cells, 
multiplied by 100 [31]. PD-L1 expression was 
classified as low, intermediate, or high for CPS scores 
<1, 1-5, and >5, respectively. In cases in which no 
tumor could be identified in the biopsy specimens, no 
CPS score was obtained.  

Fluorescence microscopy  
Ex vivo fluorescence microscopy was performed 

in order to visualize the microscopic distribution of 
durvalumab-680LT in a section adjacent to the section 
used for PD-L1 IHC. In brief, the 4-μm section was 
stained with DAPI (1:1000) using a standard protocol, 
and durvalumab-680LT fluorescence was measured 
using an SP8 X confocal microscope with a 40× oil-
immersion objective (Leica Microsystems, Wetzlar, 
Germany) using 670-nm light for excitation; the signal 
was detected at 695-800 nm.  

 
Figure 1: Overview of the procedures performed in this study. Fluorescently labelled durvalumab (durvalumab-680LT) was manufactured in-house using GMP standards and 
administered intravenously 2-4 days prior to the US-qFME procedure. US-qFME, including white-light imaging, qualitative assessment using fluorescence imaging, and 
quantification using mucosal and ultrasound-guided spectroscopy measurements, was used to visualize and quantify the distribution of durvalumab-680LT, and tissue biopsies 
were obtained for tissue analysis. Patients then underwent CRT for 5-6 weeks in accordance with standard clinical guidelines; 2-5 weeks after the completion of CRT, the 
patients returned for a second infusion of durvalumab-680LT and a second US-qFME procedure. Durvalumab-680LT fluorescence was visualized and quantified ex vivo using 
FFPE blocks prepared from the biopsies obtained during US-qFME. Finally, 4-μm tissue sections were used to assess the presence of tumor cells based on H&E staining, to 
measure PD-L1 expression using IHC, and to visualize microscopic durvalumab-680LT distribution using fluorescence microscopy. FFPE: formalin-fixed, paraffin-embedded; 
GMP: good manufacturing practice; H&E: hematoxylin and eosin; IHC: immunohistochemistry; PD-L1: programmed death-ligand 1; US-qFME: ultrasound-guided quantitative 
fluorescence molecular endoscopy. 
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Stability of the durvalumab-680LT tracer 
Sodium dodecyl-sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) was performed on fresh 
biopsy samples obtained from one patient in the 15-mg 
group in order to determine the stability of 
durvalumab-680LT in the tissue. In brief, post-CRT 
PTS and healthy biopsy tissues were lysed on ice using 
M-PER (Mammalian Protein Extraction Reagent; 
Thermo Fisher Scientific) containing 1% (v/v) Halt 
phosphatase inhibitor cocktail/Halt protease inhibitor 
single-use cocktail (Thermo Fisher Scientific) for at 
least 30 min in accordance with the manufacturer’s 
instructions. The lysates were then separated on a TGX 
stain-free 4-15% SDS-PAGE gel (Bio-Rad, cat. 
64543962) using a running buffer consisting of Trizma 
base, glycine, and 20% (w/v) SDS at 60 V for 2 h. Two 
protein markers ranging from 10-190 kDa and 4.6-300 
kDa (Fischer Scientific, cat. BMA50550) were included 
as size markers. In addition to the biopsy lysates, both 
durvalumab-680LT and unlabeled durvalumab were 
loaded on the gel as positive and negative controls, 
respectively. The gel was scanned using an Odyssey 
CLx flatbed scanner, and fluorescence was visualized 
at 700 nm. The gel was then incubated overnight in 
Coomassie blue to visualize the total protein content. 

In vitro experiment to visualize durvalumab-
680LT and confirm PD-L1 antibody binding 
specificity 

RKO cells (a human colorectal cancer cell line) 
were cultured in RPMI 1640 medium containing 10% 
(v/v) fetal calf serum and 1% 
penicillin/streptomycin/fungizone at 37°C in 
humidified air containing 5% CO2. Durvalumab-
680LT (50 nM) was added to the culture medium and 
the cells were incubated for 24 h, after which the cells 
were harvested, fixed, and embedded in 1.8% agar. 
The next day, the agar piece containing the cells was 
embedded in a paraffin block, and 4-μm sections were 
cut. To visualize the durvalumab-680LT signal, one 
section was deparaffinized and stained with DAPI 
(1:1000) using a standard protocol. Imaging was 
performed using an SP8 X confocal microscope with a 
40× oil-immersion objective. Durvalumab-680LT was 
excited at 670 nm, and the signal was detected at 695-
800 nm. An adjacent 4-μm section was stained for PD-
L1 as described above. 

Statistical analyses 
All data were treated as being non-normally 

distributed due to the relatively small sample size. As 
our primary aim was to visualize differences between 

individual patients, only descriptive statistics were 
used. Except where indicated otherwise, data are 
presented as individual values and/or the median 
value with range (minimum and maximum). The 
tumor-to-healthy tissue ratio (THR) was calculated by 
dividing the fluorescence value measure at the PTS by 
the fluorescence value in healthy tissue. Ex vivo scoring 
was qualitatively assessed, and immunostaining and 
fluorescence microscopy results were compared. 
Prism 9 (GraphPad Software Inc., San Diego, CA) was 
used to perform the statistical analyses and to create 
the data plots.  

Results 
In total, 21 patients with locally advanced EC 

were initially included from April 2023 through 
October 2024 (Figure 2). One patient was excluded 
after receiving the tracer, as no procedures were 
performed due to logistical limitations; thus, 20 
patients were included in the study. One adverse 
event was reported in one patient in the 25 mg group 
during the trial. Specifically, this patient experienced 
chest pain; however, because this symptom was 
present prior to tracer administration, this event was 
considered unlikely to be related to the durvalumab-
680LT infusion. The patient and disease characteristics 
are summarized for each dose group in Table 1. 
Eighteen of the 20 patients were diagnosed with 
adenocarcinoma, and two patients were diagnosed 
with squamous cell carcinoma. Moreover, 18 patients 
had a cT3 tumor, while lymph node stage varied in all 
four dose groups. Fifteen patients underwent nCRT, 
and three patients were treated with dCRT; the 
remaining two patients received neoadjuvant 
chemotherapy. The second (i.e. post-CRT) US-qFME 
procedure was only performed in the 4.5-mg, 15-mg, 
and 25-mg groups; moreover, two patients receiving 
FLOT and four patients with persistent CRT-related 
side effects were withdrawn prior to the post-CRT 
procedure and therefore did not receive a second 
infusion of durvalumab-680LT (Figure 2). 

In vivo fluorescence molecular imaging and 
quantification  

Qualitative assessment of the real-time in vivo 
fluorescence signals revealed specific uptake of 
durvalumab-680LT in the primary tumor site (PTS) 
compared to healthy tissue in both the 15-mg and 25-
mg dose groups. In contrast, the fluorescence signals 
in the 4.5-mg group were too low to assess, and the 
signals in the 0-mg group were negligible in both the 
PTS and healthy tissues (Figure 3A). 
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Figure 2: Schematic diagram depicting the various patient groups. In total, 21 patients were initially included in the study; however, one patient was excluded prior to the 
procedures due to logistical constraints. Thus, 15 patients were assigned to receive an infusion containing 4.5, 15, or 25 mg durvalumab-680LT. Negative control patients did 
not receive an infusion (n = 5 patients per group). Six patients were withdrawn prior to the second infusion because they either received FLOT (indicated by #) or had persistent 
side effects after receiving CRT (indicated by *). CRT: chemoradiotherapy; durva-680LT: durvalumab-680LT.  

 
Table 1: Patient and disease characteristics per durvalumab-
680LT dose group  

Characteristic 4.5 mg 
n = 5 

15 mg 
n = 5 

25 mg 
n = 5 

0 mg 
n = 5 

Median age, years 
[range] 

62 [41-75] 65 [46-72] 70 [62-74] 66 [49-80] 

Male, n (%) 3 (60%) 5 (100%) 5 (100%) 5 (100%) 
Pathology 
Adenocarcinoma, n 
(%) 

4 (80%) 5 (100%) 5 (100%) 4 (80%) 

Squamous cell 
carcinoma, n (%) 

1 (20%) 0 (0%) 0 (0%) 1 (20%) 

Staging†  
 cT-stage 
T1, n (%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 
T2, n (%) 1 (20%) 1 (20%) 0 (0%) 0 (0%) 
T3, n (%) 4 (80%) 4 (80%) 5 (100%) 5 (100%) 
T4, n (%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 
 cN-stage 
N0, n (%) 2 (40%) 4 (80%) 4 (80%) 0 (0%) 
N1, n (%) 1 (20%) 1 (20%) 1 (20%)  2 (40%) 
N2, n (%) 2 (40%) 0 (0%) 0 (0%)  2 (40%) 
N3, n (%) 0 (0%) 0 (0%) 0 (0%) 1 (20%) 
Treatment 
 Regimen 
nCRT, n (%) 4 (80%) 5 (100%) 4 (80%) 2 (40%) 
dCRT, n (%) 1 (20%) 0 (0%) 0 (0%) 2 (40%) 
nCT, n (%) 0 (0%) 0 (0%) 1 (20%) 1 (20%) 
 Radiation  
Protons, n (%) 4 (80%) 4 (80%) 4 (80%) 2 (40%) 
Photons, n (%) 0 (0%) 1 (20%) 0 (0%) 2 (40%) 
Photons/protons 
combined, n (%) 

1 (20%) 0 (0%) 0 (0%) 0 (0%) 

No radiation 0 (0%) 0 (0%)  1 (20%) 1 (20%) 
Clinical response after treatment‡ 

Partial response, n (%) 3 (60%) 4 (80%) 3 (60%) 4 (80%) 
Complete response, n 
(%) 

2 (40%) 1 (20%) 2 (40%) 1 (20%) 

dCRT: definitive chemoradiotherapy; nCRT: neoadjuvant chemoradiotherapy; 

nCT: neoadjuvant chemotherapy. 
†Pre-treatment staging was determined at a multidisciplinary meeting and was 
based on both endoscopy with biopsies and PET-CT.  
‡Response was assessed at a multidisciplinary meeting prior to surgery based on 
PET-CT and (when indicated) endoscopy with biopsies.  

 
Quantification of the in vivo fluorescence signals 

(Table 2) supports our qualitative assessment, 
revealing a dose-dependent increase in the 
durvalumab-680LT signals within the PTS. The 
highest median fluorescence signal was in the 25-mg 
group, with a median Q.µaf value of 0.0438 mm-1, 
compared to median values of 0.0200 and 0.0291 mm-1 
in the 4.5-mg and 15-mg groups, respectively. 
Additionally, the highest maximum signal and the 
largest range were measured in the 25-mg group, with 
Q.µaf ranging from 0.0101 to 0.0202 mm-1, 0.0130 to 
0.0323 mm-1, and 0.0172 to 0.0514 mm-1 in the 4.5-, 15-, 
and 25-mg groups, respectively. With respect to the 
signal measured in healthy tissues, we measured 
median Q.µaf values of 0.0133 mm-1, 0.0143 mm-1, and 
0.0206 mm-1 in the 4.5-, 15-, and 25-mg groups, 
respectively (Table 2). Moreover, the THR (tumor-to-
healthy tissue ratio) was ≥2 in three out of five patients 
(60%) in both the 15-mg and 25-mg groups (Figure 3C, 
right). Compared to pre-CRT, we measured smaller 
median signals and smaller Q.µaf ranges in the post-
CRT analysis in all three groups, with values ranging 
from 0.0160 to 0.0170 mm-1, 0.0191 to 0.0236 mm-1, and 
0.0230 to 0.0275 mm-1 in the 4.5-, 15-, and 25-mg 
groups, respectively (Figure 3C, left and Table 2). The 
signals measured the PTS tissue in individual patients 
decreased in patients with a relatively high pre-CRT 
signal (Figure 3C, right). When comparing the 
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maximum signals measured in PTS tissue, we found a 
1.5-fold decrease from pre-CRT to post-CRT in the 15-
mg group and a 1.9-fold decrease in the 25-mg group. 
The signals in the control patients were negligible in 
both the PTS and healthy tissues, with median Q.µaf 
values of 0.0013 mm-1 and 0.0007 mm-1, respectively 
(Figure 3B and Table 2). Finally, all THRs measured 
post-CRT were <2, with all patients except one having 
a lower post-CRT ratio compared to their 
corresponding pre-CRT ratio (Figure 3C, right).  

 

Table 2: Summary of the in vivo durvalumab-680LT fluorescence 
signals measured in each group 

Dose (mg) Median signal  
Q.µaf (mm-1) 

Minimum signal 
Q.µaf (mm-1) 

Maximum signal 
Q.µaf (mm-1) 

PTS (Pre-CRT) 
0  0.0013 0.0006 0.0014 
4.5 0.0200 0.0101  0.0202 
15 0.0291 0.0130  0.0323 
25 0.0438 0.0172 0.0514 
PTS (Post-CRT) 
0* NA NA NA 
4.5 0.0167 0.0160  0.0170 
15 0.0201 0.0191 0.0236 
25 0.0249 0.0230 0.0275 
Healthy tissue (Pre-CRT) 
0* 0.0007 0.0000 0.0018 
4.5 0.0133 0.0123 0.0190 
15 0.0143 0.0115 0.0290 
25 0.0206 0.0181 0.0330 
Healthy tissue (Post-CRT) 
0* NA NA NA 
4.5 0.0121 0.0118 0.0124 
15 0.0156 0.0112 0.0165 
25 0.0166 0.0161 0.0188 

CRT: chemoradiotherapy; NA, not applicable; PTS: primary tumour site  
*Fluorescence was measured in the 0-mg group pre-CRT, but not post-CRT. 

 

Stability of the durvalumab-680LT tracer 
The stability of durvalumab-680LT in mucosal 

biopsies was demonstrated using SDS-PAGE, 
showing that durvalumab-680LT in post-CRT biopsy 
samples was the same size as pure durvalumab-680LT 
loaded as a positive control; no bands were visible for 
unlabeled durvalumab (Figure S1). Furthermore, 
consistent with our in vivo data, the durvalumab-
680LT band was stronger in the PTS sample than in the 
healthy tissue sample (Figure S1).  

Immunostaining 
Next, we examined whether the presence of 

durvalumab-680LT in the biopsy samples interfered 
with standard PD-L1 immunohistochemical staining. 

We found that RKO cells incubated with durvalumab-
680LT had robust PD-L1 antibody binding (Figure S2).  

We then used the biopsy samples to calculate a 
CPS for each patient based on PD-L1 expression. In the 
4.5-mg group, two patients had a CPS <1, two patients 
had a CPS ranging from 1–5, and one patient’s biopsy 
was deemed non-assessable for PD-L1 expression, as 
no tumor cells were found in the biopsy. In the 15-mg 
group, three patients had a CPS <1, one patient had a 
CPS >5, and no CPS score was obtained for one 
patient’s biopsy. Finally, in the 25-mg group, two 
patients had a CPS <1, two patients had a CPS ranging 
from 1–5, and one patient had a CPS >5.  

Correlation between the in vivo results and ex 
vivo results 

We then compared the in vivo spectroscopy 
fluorescence values measured at the pre-CRT PTS with 
ex vivo PD-L1 expression measured using the CPS 
scoring system, and found that the patients in each 
group with the lowest median spectroscopy value all 
had a CPS score <1 (Table 3). In addition, in each dose 
group one patient had a relatively high median 
fluorescence value though a CPS score <1. Finally, all 
patients with an intermediate (1–5) or high (>5) CPS 
score had relatively high median fluorescence values 
(Table 3).  

Fluorescence microscopy 
Lastly, we performed confocal fluorescence 

microscopy in the pre-CRT PTS biopsy samples in 
order to visualize the distribution of durvalumab-
680LT within the tissues. We observed high uptake of 
durvalumab-680LT in patients in both the 15-mg and 
25-mg groups, but very low fluorescence in patients in 
the 4.5-mg and control groups (Figure 4A). Consistent 
with the pattern observed in vitro (Figure S2), we 
found cell membrane staining of durvalumab-680LT 
in the biopsy samples (Figure 4B), suggesting PD-L1 
binding at the cell membrane. Notably, we observed 
clear durvalumab-680LT fluorescence in the pre-CRT 
PTS biopsy samples obtained from all ten patients in 
the 15-mg and 25-mg groups. 

Comparing the durvalumab-680LT fluorescence 
signal with the PD-L1 staining pattern revealed strong 
tracer fluorescence signal in regions with tumor cells 
expressing high levels of PD-L1 (Figure 4B, top row). 
Notably, the durvalumab-680LT signal was also 
detected in cancer cells with little or no PD-L1 
expression (Figure 4B, bottom row). 
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Figure 3: In vivo visualization and quantification of durvalumab-680LT fluorescence measured in both tumor tissue (PTS) and healthy esophageal tissue. (A) Representative 
white-light endoscopy images (top row) of PTS (left) and healthy (right) tissues are shown along with their corresponding fluorescence images (bottom row) for the indicated 
dose groups; the control patients received no durvalumab-680LT. Note that the fluorescence images are scaled in relation to one another to allow direct qualitative inter-
image comparisons. (B) Median spectroscopy-derived fluorescence values in each group measured in PTS and healthy tissues prior to chemoradiotherapy (pre-CRT). Each 
symbol represents an individual patient. (C) Median fluorescence values measured in PTS and healthy tissues in the 15- and 25-mg groups before and after CRT; for comparison 
purposes only, the pre-CRT data are reproduced from panel B. Each symbol represents an individual patient. Shown on the right is the tumor-to-healthy tissue ratio measured 
in the indicated groups before and after CRT. CRT: chemoradiotherapy; durva-680LT: durvalumab-680LT; PTS: primary tumor site; THR: tumour-to-healthy tissue ratio.  
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Figure 4: Ex vivo imaging of biopsy samples obtained from pre-RCT patients. (A) Representative images of raw durvalumab-680LT fluorescence in patients in the 4.5, 15-, 25-, 
and 0-mg groups. (B) Magnified images of a biopsy sample obtained from a patient in the 25-mg group, showing (from left to right): nuclei stained with DAPI; the raw durvalumab-
680LT fluorescence signal; a colored overlay of the DAPI (blue) and durvalumab-680LT (red) channels; PD-L1 IHC staining on an adjacent slide; and an H&E-stained adjacent 
slide. The images in the top row show the durvalumab-680LT signal in tumor cells that are PD-L1–positive based on IHC. The images in the bottom row show that the 
durvalumab-680LT signal is visible in tumor cells, with no PD-L1 staining visible in the same region. H&E: hematoxylin and eosin; IHC: immunohistochemistry; PD-L1: 
programmed death-ligand 1. 

 
Table 3: Summary of in vivo durvalumab-680LT fluorescence 
measured using spectroscopy and ex vivo CPS scores measured 
pre-CRT at the PTS in all 15 patients.  

Patient 
symbol* 

Spectroscopy median fluorescence 
(mm-1) 

CPS score 

 
 4.5-mg group 

 
0.0202 -‡ 

 
0.0200 <1 

 
0.0200 1–5 

 
0.0197 1–5 

 
0.0101 <1 

 15-mg group 

 

0.0323 <1 

 
0.0308 -‡ 

 
0.0291 >5 

 
0.0163 <1 

 

0.0130 <1 

 25-mg group 

 

0.0514 <1 

Patient 
symbol* 

Spectroscopy median fluorescence 
(mm-1) 

CPS score 

 

 

0.0458 >5 

 

0.0438 1–5 

 
0.0289  1–5 

 

0.0172 <1 

CPS: combined positive score; PTS: primary tumour site  
Cells shaded in green, yellow, and red indicate low, intermediate, and high values 
respectively. 
* The symbols correspond to the patients shown in Fig. 3. 
‡ These patients’ CPS could not be determined, as no tumour cells were found in 
their biopsy samples.  

 

Discussion 
This study is the first to visualize and quantify 

the distribution of intravenously administered 
fluorescently labelled durvalumab – an ICI that targets 
PD-L1 – both in vivo and ex vivo in patients with locally 
advanced EC. Notably, we also provide the first data 
regarding CRT-induced changes in durvalumab-
680LT distribution by comparing the fluorescence 
signals measured before and after neoadjuvant 
chemoradiotherapy in patients with EC. Moreover, we 
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show that US-qFME can be used to visualize and 
quantify durvalumab-680LT uptake in both the 
esophageal PTS and in healthy tissue, showing clear 
variability among patients. Importantly, this approach 
offers a more objective alternative to conventional PD-
L1 CPS scoring, thereby potentially helping guide the 
selection of patients for ICI therapy in the future. 

The addition of durvalumab to neoadjuvant 
therapy is promising and relevant, as demonstrated by 
the recent phase III MATTERHORN trial, which 
showed that perioperative durvalumab combined 
with FLOT chemotherapy significantly improved both 
event-free survival and overall survival in patients 
with resectable gastric and gastroesophageal junction 
adenocarcinoma, irrespective of PD-L1 expression. 
However, these findings do not indicate that all 
patients benefit equally from ICI treatment as more 
than one-third of patients had disease progression, 
recurrence or death [16]. Thus, a substantial 
proportion of patients is still unlikely to respond, 
while being exposed to potential toxicity and 
unnecessary healthcare costs. Therefore, patient 
selection for ICI therapy remains an important goal 
and confirming that the drug reaches its intended 
target is needed in order to improve patient selection. 
Currently, PD-L1 expression measured in biopsy 
samples is widely used to select patients for ICI-based 
therapy; however, because tumor heterogeneity is not 
necessarily reflected accurately in biopsies due to 
sampling limitations, this method has not led to 
reliable patient selection [18, 19, 23].  

Previous PET imaging studies showed that high 
uptake of PD-L1–targeted tracers can predict the 
response to PD-L1 inhibitors in both gastroesophageal 
adenocarcinoma and several other cancer types [32, 
33]. These findings support the use of molecular 
imaging – which provides information regarding the 
entire tumor – as a viable alternative to biopsy-based 
tests for identifying patients who are likely to benefit 
from PD-L1–targeted treatment. However, PET 
imaging has several disadvantages such as the need 
for post-processing, radiation burden, relatively low 
resolution, and the inability to assess intra-tumoral 
heterogeneity or obtain biopsies during imaging. In 
contrast, US-qFME provides real-time visualization of 
the fluorescent tracer both during in vivo endoscopy 
and in ex vivo microscopy analyses. However, 
endoscopic ultrasound is an invasive – albeit 
minimally invasive – procedure, whereas PET imaging 
is completely non-invasive. Here, we combined US-
qFME with durvalumab-680LT in order visualize and 
quantify the tracer’s signal in the esophageal PTS, 
revealing a dose-dependent increase in fluorescence. 
The 25-mg group showed a broader range of tumor 
tissue signals than the other dose groups, reflecting 

greater interpatient variability in drug uptake. 
Although the higher doses also increased signal 
intensity in healthy tissue, leading to similar tumor-to-
healthy ratios in the 15-mg and 25-mg groups, the 
wider signal distribution in the 25-mg group 
improved our ability to differentiate drug uptake 
between patients to get better insight in drug 
distribution and possibly tumor biology. In addition, 
ex vivo analyses using fluorescence microscopy 
showed clear durvalumab-680LT signals in the 25-mg 
group, whereas signals where less distinct at the lower 
dosages. We therefore selected 25 mg for further 
analysis and found relatively high uptake of 
durvalumab-680LT in three out of five patients.  

Interestingly, the in vivo fluorescence signals 
were high in all patients with high PD-L1 expression, 
but was also high in one patient per group with low 
expression of PD-L1. Similar discrepancies were 
reported in previous studies on PD-L1–targeted PET 
imaging, in which intratumoral tracer distribution 
only partially aligned with the PD-L1 staining patterns 
measured using IHC [34]. These findings suggest that 
in vivo fluorescence imaging and quantification of 
durvalumab-680LT may identify a larger subset of 
patients as being eligible for ICI therapy, as they 
directly confirm durvalumab binding to tumor cells 
rather than relying solely on PD-L1 measurements 
using IHC. An important explanation for the 
discrepancy between in vivo signals and ex vivo CPS 
scores is the difference in sampling. PD-L1 expression 
is known to be spatially heterogeneous within tumors 
[23, 24], and CPS scoring is typically based on limited 
biopsy material, which may not adequately represent 
the entire tumor. In contrast, in vivo fluorescence 
imaging assesses tracer distribution across a larger 
tumor area, potentially providing a more 
comprehensive representation of overall target 
availability. Furthermore, an explanation for the 
discrepancy between US-qFME and IHC outcomes 
may be differences in IHC-based immune phenotypes. 
Different IHC assays can produce conflicting results; 
for example, comparison of the SP142 and SP263 
clones showed discordant findings in over 40% of the 
samples [32].  

To gain more detailed information regarding the 
distribution of durvalumab-680LT, we performed 
fluorescence microscopy and compared the 
fluorescence signals to PD-L1 staining. Consistent 
with previous studies highlighting the challenges of 
assessing PD-L1 expression due to its spatial 
heterogeneity [23], we observed heterogenous PD-L1 
expression within our biopsy samples using IHC. In 
addition, fluorescence microscopy revealed that the 
durvalumab-680LT signal is localized to the surface of 
tumor cells in both PD-L1–high and PD-L1–low 
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regions; this finding suggests that both in vivo and ex 
vivo imaging of durvalumab-680LT reflects the tissue 
distribution and tumor-binding properties of 
durvalumab more accurately than measuring PD-L1 
expression ex vivo using IHC. In addition, both 
abundant durvalumab-680LT fluorescence and clear 
PD-L1–positive IHC staining were observed in cell 
types not included when calculating the CPS score, for 
example eosinophils, neutrophils and plasma cells. 
Nevertheless, previous studies linked PD-L1-positive 
neutrophils with the patient’s response to ICI [35, 36], 
suggesting that measuring PD-L1 expression in 
neutrophils – and possibly other immune cell types – 
may provide added value in predicting the response 
to ICI therapy. 

In addition to suboptimal patient selection, the 
optimal timing of ICI treatment in relation to CRT 
remains unknown. Current clinical trials are 
investigating the concurrent administration of ICI 
with chemotherapy and/or CRT. Moreover, previous 
studies found that priming the tumor with CRT may 
lead to more abundant infiltration of immune cells and 
higher expression of PD-L1 in the tumor 
microenvironment [37-39], although another study 
found decreased tumor expression of PD-L1 after CRT 
[40]. In our study, we observed a decrease in 
durvalumab-680LT fluorescence in post-CRT patients 
who had a relatively high durvalumab-680LT signal in 
the PTS prior to CRT. One hypothesis to explain this 
finding is that the reduction in fluorescence observed 
in these patients with high pre-CRT levels may reflect 
tumor eradication. In addition, CRT-induced changes 
in the tumor microenvironment may also affect tracer 
uptake independently of tumor burden. Furthermore, 
CRT can induce structural and functional changes in 
tumor vasculature, including alterations in perfusion 
and permeability, thereby affecting the delivery and 
distribution of systemically administered tracers [41]. 
These findings suggest that the optimal timing for ICI 
therapy may actually be prior to performing CRT, 
providing a better outcome compared to starting ICI 
therapy after CRT.  

Our study has several limitations that warrant 
discussion. First, since immunotherapy is currently 
not recommended as a treatment option for patients 
with locally advanced esophageal cancer in the Dutch 
guidelines, none of our patients received ICI 
treatment; we are therefore unable to examine the 
correlation between durvalumab-680LT uptake and 
treatment response. We therefore propose conducting 
a larger study using this technique in order to assess 
patient suitability for ICI, in which patients will 
receive ICI therapy after undergoing US-qFME. 
Furthermore, during the course of our study, the 
results of the ESOPEC trial (ClinicalTrials.gov: 

NCT02509286) were published, leading to an update 
of the Dutch treatment guidelines [42]. As a result, 
perioperative FLOT chemotherapy has partly become 
the new standard of care for patients with locally 
advanced esophageal cancer and suspected lymph 
node metastasis. In our study, patients who received 
FLOT therapy were excluded from the second US-
qFME procedure, as CROSS CRT was the prevailing 
standard at the time. However, given the recent 
changes in clinical practice, future studies should also 
focus on evaluating imaging outcomes in patients 
treated with perioperative FLOT, particularly given 
that chemotherapy affects the immune cell 
composition differently than CRT. Finally, due to the 
low number of patients we were unable to investigate 
potential differences in fluorescence signals between 
patient subgroups, such as between ESCC and EAC 
patients.  

Our approach for using US-qFME to distinguish 
between patients with high versus low drug uptake 
has potential applications beyond the current study. 
Here, we used a PD-L1–targeted tracer conjugated to a 
fluorescent dye emitting at ~700 nm. During the 
course of this study, our group developed an 
additional ICI tracer, nivolumab-800CW, which 
targets PD-1 and emits light at ~800 nm. These two 
tracers are currently being combined in an ongoing 
clinical multispectral imaging trial in esophageal 
carcinoma (ClinicalTrials.gov: NCT07196384), using 
dual-wavelength imaging to visualize both PD-L1 and 
PD-1. This strategy will allow us to visualize and 
quantify PD-L1 expression in tumor cells while 
simultaneously measuring PD-1 expression in 
infiltrating immune cells, providing a comprehensive 
assessment of the tumor-immune landscape and get 
insight in spatial and temporal changes. These novel 
insights can shed new light on the mechanism of action 
of ICIs and enable the selection of patients suitable for 
ICI therapy. In addition, a similar approach can be 
used to study other targeted therapies such as 
treatments targeted against HER2 (human epidermal 
growth factor receptor 2) and PARP (poly (ADP-
ribose) polymerase) proteins. Finally, fluorescence 
molecular imaging may have applications beyond 
endoscopy, including its use in ultrasound-guided 
interventions and other types of scopic procedures in 
various fields such as in pulmonology and urology. 

In conclusion, our results demonstrate the 
feasibility of our novel approach combining US-qFME 
with fluorescently labelled durvalumab to gain 
insights into the interpatient variability of 
durvalumab-680LT uptake in both the PTS and 
healthy tissue in patients with EC. Furthermore, we 
show that the durvalumab-680LT signal is reduced 
after CRT. This exploratory work provides a first step 
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towards developing an imaging strategy that, in the 
future, may support treatment stratification and 
timing of ICI therapy. 

Abbreviations  
CPS: combined positive score; CRT: 

chemoradiotherapy; dCRT: definitive 
chemoradiotherapy; durva-680LT: durvalumab-
680LT; EC: esophageal cancer; FFPE: formalin-fixed, 
paraffin-embedded; FME: fluorescence molecular 
endoscopy; GMP: good manufacturing practice; HD-
WLE: high-definition white-light endoscopy; HER2: 
human epidermal growth factor receptor 2; H&E: 
hematoxylin and eosin; ICI: immune checkpoint 
inhibitor; IHC: immunohistochemistry; MDSFR/SFF: 
multi-diameter single-fibre reflectance/single-fiber 
fluorescence; nCRT: neoadjuvant chemoradiotherapy; 
nCT: neoadjuvant chemotherapy; pCR: pathological 
complete response; PD-L1: programmed death-ligand 
1; PD-1: programmed cell death-1; PTS: primary tumor 
site; qFME: quantitative fluorescence molecular 
endoscopy; SDS-PAGE: sodium dodecyl-sulfate 
polyacrylamide gel electrophoresis; THR: tumor-to-
healthy tissue ratio; UMCG: University Medical 
Centre Groningen; USNB/SFF: ultrasound-guided 
needle biopsy/single-fiber fluorescence; US-qFME: 
ultrasound-guided quantitative fluorescence 
molecular endoscopy. 

Supplementary Material  
Supplementary figures. 
https://www.thno.org/v16p9080s1.pdf  

Acknowledgements  
The authors would like to thank lab technicians 

Manon Buist-Homan and Gert Jan Meersma for 
performing all DAPI and H&E staining. In addition, 
the authors would like to thank all patients who 
participated in the study. This manuscript is based on 
work conducted as part of the first author's doctoral 
thesis.  

Funding 
This work was funded by the Innovative 

Medicines Initiative 2 Joint Undertaking (JU) under 
grant agreement No. 831514 (Immune-Image). The JU 
receives support from the European Union’s Horizon 
2020 research and innovation programme and the 
European Federation of Pharmaceutical Industries 
and Associations. These funding sources played no 
role in the study design, data collection, data analysis 
and interpretation, decision to publish, or preparation 
of the manuscript. The published results reflect only 
the author's view, and the JU is not responsible for any 

use that may be made of the information it contains. 

Author contributions  
Guarantor of the article: Wouter B. Nagengast. 
Specific author contributions: WBN conceived the 

original idea, supervised the overall project, and was 
responsible for funding acquisition and resources. 
HKH and MNL-H were responsible for durvalumab-
680LT production and quality control. AMW, YJG, 
SHL, JJH, RB, and LAW were responsible for patient 
enrolment. AMW, YJG, PV, and SHL performed all in 
vivo study procedures. AMW, YJG, and PV performed 
all ex vivo study procedures. GK-U assessed all H&E- 
and PD-L1-stained tissue sections. AMW, YJG, and PV 
contributed to the interpretation and analysis of in vivo 
and ex vivo data. DJR was responsible for the 
spectroscopy software and performed post-processing 
analyses. AMW, YJG, and PV wrote the first draft of 
the manuscript with input from all co-authors. GK-U, 
HKH, SHL, JJH, RB, LAW, CTM, AGHN, BE, JW, 
MDP, DJR, MNLH, and WBN interpreted the results 
and reviewed the manuscript critically. 

Availability of data and material 
Data will be provided upon reasonable request. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. 

Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and 
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021; 
71: 209-49. 

2. Arnold M, Laversanne M, Brown LM, Devesa SS, Bray F. Predicting the Future 
Burden of Esophageal Cancer by Histological Subtype: International Trends in 
Incidence up to 2030. Am J Gastroenterol. 2017; 112: 1247-55. 

3. van Hagen P, Hulshof MC, van Lanschot JJ, Steyerberg EW, van Berge 
Henegouwen MI, Wijnhoven BP, et al. Preoperative chemoradiotherapy for 
esophageal or junctional cancer. N Engl J Med. 2012; 366: 2074-84. 

4. Lewis S, Lukovic J. Neoadjuvant Therapy in Esophageal Cancer. Thorac Surg 
Clin. 2022; 32: 447-56. 

5. Al-Batran SE, Homann N, Pauligk C, Goetze TO, Meiler J, Kasper S, et al. 
Perioperative chemotherapy with fluorouracil plus leucovorin, oxaliplatin, and 
docetaxel versus fluorouracil or capecitabine plus cisplatin and epirubicin for 
locally advanced, resectable gastric or gastro-oesophageal junction 
adenocarcinoma (FLOT4): a randomised, phase 2/3 trial. Lancet. 2019; 393: 
1948-57. 

6. Luketich JD, Alvelo-Rivera M, Buenaventura PO, Christie NA, McCaughan JS, 
Litle VR, et al. Minimally invasive esophagectomy: outcomes in 222 patients. 
Ann Surg. 2003; 238: 486-94; discussion 94-5. 

7. Biere SS, Maas KW, Bonavina L, Garcia JR, van Berge Henegouwen MI, 
Rosman C, et al. Traditional invasive vs. minimally invasive esophagectomy: a 
multi-center, randomized trial (TIME-trial). BMC Surg. 2011; 11: 2. 

8. van Laarhoven H, Verhoeven R, van Berge Henegouwen M, Mohammad NH, 
van Hillegersberg R, Slingerland M, et al. Real-world outcomes of the CROSS 
regimen in patients with resectable esophageal or gastro-esophageal junction 
adenocarcinoma: a nationwide cohort study in the Netherlands. 
EClinicalMedicine. 2025; 80: 103067. 

9. Wong R, Malthaner R. Combined chemotherapy and radiotherapy (without 
surgery) compared with radiotherapy alone in localized carcinoma of the 
esophagus. Cochrane Database Syst Rev. 2006: Cd002092. 

10.  Sio TT, Wilson ZC, Stauder MC, Bhatia S, Martenson JA, Quevedo JF, et al. 
Long-term treatment outcomes for locally advanced esophageal cancer: A 
single-institution experience. Am J Clin Oncol. 2016; 39: 448-52. 



Theranostics 2026, Vol. 16, Issue 16 
 

 
https://www.thno.org 

9092 

11.  Yang H, Liu H, Chen Y, Zhu C, Fang W, Yu Z, et al. Long-term efficacy of 
neoadjuvant chemoradiotherapy plus surgery for the treatment of locally 
advanced esophageal squamous cell carcinoma: The NEOCRTEC5010 
Randomized Clinical Trial. JAMA Surg. 2021; 156: 721-9. 

12.  Duan XF, Tang P, Yu ZT. Neoadjuvant chemoradiotherapy for resectable 
esophageal cancer: an in-depth study of randomized controlled trials and 
literature review. Cancer Biol Med. 2014; 11: 191-201. 

13.  Saeed SM, Naffouje S, Mehta R, Hoffe SE, Fontaine JP, Lauwers GY, et al. 
Impact of histology classification on pathologic treatment response and overall 
survival in distal esophageal cancer patients: a propensity matched analysis. 
Dis Esophagus. 2020. 

14.  Mukherjee S, Parmar K, Smyth E. Immune checkpoint inhibitors in resectable 
gastroesophageal cancers - a review. Ther Adv Med Oncol. 2022; 14: 
17588359221139625. 

15.  Obermannová R, Alsina M, Cervantes A, Leong T, Lordick F, Nilsson M, et al. 
Oesophageal cancer: ESMO clinical practice guideline for diagnosis, treatment 
and follow-up. Ann Oncol. 2022; 33: 992-1004. 

16.  Janjigian YY, Al-Batran SE, Wainberg ZA, Muro K, Molena D, Van Cutsem E, 
et al. Perioperative durvalumab in gastric and gastroesophageal junction 
cancer. N Engl J Med. 2025; 393: 217-30. 

17.  Poto R, Troiani T, Criscuolo G, Marone G, Ciardiello F, Tocchetti CG, et al. 
Holistic approach to immune checkpoint inhibitor-related adverse events. 
Front Immunol. 2022; 13: 804597. 

18.  Knief J, Lazar-Karsten P, Hummel R, Wellner U, Thorns C. PD-L1 expression 
in carcinoma of the esophagogastric junction is positively correlated with T-cell 
infiltration and overall survival. Pathol Res Pract. 2019; 215: 152402. 

19.  Kollmann D, Ignatova D, Jedamzik J, Chang YT, Jomrich G, Baierl A, et al. PD-
L1 expression is an independent predictor of favorable outcome in patients 
with localized esophageal adenocarcinoma. Oncoimmunology. 2018; 7: 
e1435226. 

20.  Li S, Yu Y, Xu Y, Zhou Y, Huang J, Jia J. Clinicopathological characteristics and 
the relationship of PD-L1 status, tumor mutation burden, and microsatellite 
instability in patients with esophageal carcinoma. BMC Cancer. 2025; 25: 576. 

21.  Kato K, Doki Y, Chau I, Xu J, Wyrwicz L, Motoyama S, et al. Nivolumab plus 
chemotherapy or ipilimumab versus chemotherapy in patients with advanced 
esophageal squamous cell carcinoma (CheckMate 648): 29-month follow-up 
from a randomized, open-label, phase III trial. Cancer Med. 2024; 13: e7235. 

22.  Wang Y, Li H, Zhao P, Li Z, Zhang S. Advances and challenges in 
immunotherapy for advanced esophageal squamous cell carcinoma. Front 
Immunol. 2026; 17: 1739762. 

23.  Zhou KI, Peterson B, Serritella A, Thomas J, Reizine N, Moya S, et al. Spatial 
and temporal heterogeneity of PD-L1 expression and tumor mutational burden 
in gastroesophageal adenocarcinoma at baseline diagnosis and after 
chemotherapy. Clin Cancer Res. 2020; 26: 6453-63. 

24.  Yu B, Qi C, Liu Z, Ma N, Tian C, Wang Y, et al. Spatial heterogeneity of PD-L1 
expression influence its assessment in esophageal squamous cell carcinoma. 
Transl Oncol. 2025; 59: 102442. 

25.  Schmidt I, Zhao X, van der Waaij AM, Meersma GJ, Dijkstra FA, Haveman JW, 
et al. Ultrasound-guided quantitative fluorescence molecular endoscopy for 
monitoring response in patients with esophageal cancer following neoadjuvant 
chemoradiotherapy. Clin Cancer Res. 2024. 

26.  Huizinga HK, Hooghiemstra WTR, Linssen MD, Allersma DP, Gareb B, 
Dekkers BGJ, et al. Development of Clinical-Grade Durvalumab-680LT and 
Nivolumab-800CW for Multispectral Fluorescent Imaging of the PD-1/PD-L1 
Axis of the Immune Checkpoint Pathway. Pharmaceuticals (Basel). 2025; 18. 

27.  Voskuil FJ, de Jongh SJ, Hooghiemstra WTR, Linssen MD, Steinkamp PJ, de 
Visscher S, et al. Fluorescence-guided imaging for resection margin evaluation 
in head and neck cancer patients using cetuximab-800CW: A quantitative dose-
escalation study. Theranostics. 2020; 10: 3994-4005. 

28.  Gabriëls RY, van der Waaij AM, Linssen MD, Dobosz M, Volkmer P, Jalal S, et 
al. Fluorescently labelled vedolizumab to visualise drug distribution and 
mucosal target cells in inflammatory bowel disease. Gut. 2024. 

29.  Wu AJ, Bosch WR, Chang DT, Hong TS, Jabbour SK, Kleinberg LR, et al. Expert 
consensus contouring guidelines for intensity modulated radiation therapy in 
esophageal and gastroesophageal junction cancer. Int J Radiat Oncol Biol Phys. 
2015; 92: 911-20. 

30.  Middelburg TA, Hoy CL, Neumann HAM, Amelink A, Robinson DJ. 
Correction for tissue optical properties enables quantitative skin fluorescence 
measurements using multi-diameter single fiber reflectance spectroscopy. J 
Dermatol Sci. 2015; 79: 64-73. 

31.  Klempner SJ, Cowden ES, Cytryn SL, Fassan M, Kawakami H, Shimada H, et 
al. PD-L1 immunohistochemistry in gastric cancer: comparison of combined 
positive score and tumor area positivity across 28-8, 22C3, and SP263 Assays. 
JCO Precis Oncol. 2024; 8: e2400230. 

32.  Bensch F, van der Veen EL, Lub-de Hooge MN, Jorritsma-Smit A, Boellaard R, 
Kok IC, et al. (89)Zr-atezolizumab imaging as a non-invasive approach to 
assess clinical response to PD-L1 blockade in cancer. Nat Med. 2018; 24: 1852-
8. 

33.  Cytryn SL, Pandit-Taskar N, Lumish MA, Maron SB, Gu P, Ku GY, et al. (18)F-
BMS-986229 PET to assess programmed-death ligand 1 status in 
gastroesophageal cancer. J Nucl Med. 2024; 65: 722-7. 

34.  Verschoor YL, van de Haar J, van den Berg JG, van Sandick JW, Kodach LL, 
van Dieren JM, et al. Neoadjuvant atezolizumab plus chemotherapy in gastric 
and gastroesophageal junction adenocarcinoma: the phase 2 PANDA trial. Nat 
Med. 2024; 30: 519-30. 

35.  Arasanz H, Bocanegra AI, Morilla I, Fernández-Irigoyen J, Martínez-Aguillo M, 
Teijeira L, et al. Circulating low density neutrophils are associated with 
resistance to first line anti-PD1/PDL1 immunotherapy in non-small cell lung 
cancer. Cancers (Basel). 2022; 14. 

36.  Cristinziano L, Modestino L, Capone M, Madonna G, Mallardo D, Giannarelli 
D, et al. PD-L1(+) neutrophils as novel biomarkers for stage IV melanoma 
patients treated with nivolumab. Front Immunol. 2022; 13: 962669. 

37.  Donlon NE, Davern M, O'Connell F, Sheppard A, Heeran A, Bhardwaj A, et al. 
Impact of radiotherapy on the immune landscape in oesophageal 
adenocarcinoma. World J Gastroenterol. 2022; 28: 2302-19. 

38.  van den Ende T, van den Boorn HG, Hoonhout NM, van Etten-Jamaludin FS, 
Meijer SL, Derks S, et al. Priming the tumor immune microenvironment with 
chemo(radio)therapy: A systematic review across tumor types. Biochim 
Biophys Acta Rev Cancer. 2020; 1874: 188386. 

39.  Lim SH, Hong M, Ahn S, Choi YL, Kim KM, Oh D, et al. Changes in tumour 
expression of programmed death-ligand 1 after neoadjuvant concurrent 
chemoradiotherapy in patients with squamous oesophageal cancer. Eur J 
Cancer. 2016; 52: 1-9. 

40.  Soeratram TT, Creemers A, Meijer SL, de Boer OJ, Vos W, Hooijer GK, et al. 
Tumor-immune landscape patterns before and after chemoradiation in 
resectable esophageal adenocarcinomas. J Pathol. 2022; 256: 282-96. 

41.  Lin Q, Choyke PL, Sato N. Visualizing vasculature and its response to therapy 
in the tumor microenvironment. Theranostics. 2023; 13: 5223-46. 

42.  Hoeppner J, Brunner T, Schmoor C, Bronsert P, Kulemann B, Claus R, et al. 
Perioperative chemotherapy or preoperative chemoradiotherapy in 
esophageal cancer. N Engl J Med. 2025; 392: 323-35. 

 


