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Introduction: Programmed cell death ligand 1 (PD-L1) expression in tumor tissues
is measured as a predictor of the therapeutic efficacy of immune checkpoint
inhibitors (ICIs) in many cancer types. PD-L1 expression is evaluated by
immunohistochemical staining using 3,3 -diaminobenzidine (DAB)
chronogenesis (IHC-DAB); however, quantitative and reproducibility issues
remain. We focused on a highly sensitive quantitative immunohistochemical
method using phosphor-integrated dots (PIDs), which are fluorescent
nanoparticles, and evaluated PD-L1 expression between the PID method and
conventional DAB method.
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Methods: In total, 155 patients with metastatic or recurrent cancer treated with ICls
were enrolled from four university hospitals. Tumor tissue specimens collected
before treatment were subjected to immunohistochemical staining with both the
PID and conventional DAB methods to evaluate PD-L1 protein expression.

Results: PD-L1 expression assessed using the PID and DAB methods was
positively correlated. We quantified PD-L1 expression using the PID method
and calculated PD-L1 PID scores. The PID score was significantly higher in the
responder group than in the non-responder group. Survival analysis
demonstrated that PD-L1 expression evaluated using the IHC-DAB method
was not associated with progression-free survival (PFS) or overall survival (OS).
Yet, PFS and OS were strikingly prolonged in the high PD-L1 PID score group.

Conclusion: Quantification of PD-L1 expression as a PID score was more
effective in predicting the treatment efficacy and prognosis of patients with
cancer treated with ICls. The quantitative evaluation of PD-L1 expression using
the PID method is a novel strategy for protein detection. It is highly significant
that the PID method was able to identify a group of patients with a favorable

prognosis who could not be identified by the conventional DAB method.

KEYWORDS
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1 Introduction

Immune checkpoint inhibitors (ICIs) have been developed as
antitumor agents with mechanisms completely different from those
of conventional cytotoxic chemotherapies for patients with cancer.
Immune checkpoint mechanisms were originally intended to
regulate excessive autoimmune responses. However, in the cancer
microenvironment, cancer cells use immune checkpoints to escape
antitumor immune responses, involving pathways mediated by
immune checkpoint molecules such as programmed death
protein-1 (PD-1), cytotoxic T-lymphocyte-associated protein 4
(CTLA-4), and various other factors. PD-1 and its ligand
programmed cell death ligand 1 (PD-L1) are fundamental factors
in the immune checkpoints that interfere with immune escape (1).
The clinical efficacy and safety profile of anti-PD-1 and anti-PD-L1
antibodies have been demonstrated in various cancer types (2).
CTLA-4 negatively regulates immune function through its
interaction with B7 (CD80/CD86) expressed on the surface of
cancer cells, and its competitive action with CD28, which
activates T cells (3, 4). Anti-CTLA-4 antibodies have shown
efficacy in multiple types of cancers as monotherapy or in
combination with other ICIs, especially the anti-PD-1 antibody.
The therapeutic effects of ICIs have had a strong impact on cancer
treatment, not only by improving response rates and prolonging
progression-free survival (PFS) but also by providing a “long-tail
effect,” which is characterized by the long-term overall survival (OS)
of patients with cancer. Thus, ICIs have become a significant
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breakthrough in cancer immunotherapy, showing remarkable
efficacy against various cancer types by suppressing checkpoint-
mediated immune escape (5). Table 1 summarizes the results of
representative phase III pivotal studies that evaluated the efficacy of
ICI treatment and served as the basis for approval (6-14). In
contrast, many clinical trials have reported that ICIs are
ineffective in all patients with cancer, especially ICI monotherapy,
with an efficacy rate of only 10-30% (15). Therefore, further
improvement in the efficacy of ICIs is necessary. The expression
of PD-L1 molecules, high-frequency microsatellite instability, and
tumor mutation burden have been identified as potential predictive
biomarkers of the therapeutic response to ICIs; however, no
definitive factors have been reported to correctly predict the
treatment response to ICIs (16). Therefore, superior predictive
biomarkers with high therapeutic efficacy and prognostic value
are urgently needed.

To date, most studies on the biomarkers of ICI treatment have
focused on the analysis of PD-L1 expression in tumor tissues using
immunohistochemistry (IHC). PD-L1 expression in tumor tissue
has been used as a biomarker in determining cancer treatment with
ICIs (17), but is not used universally in many types of cancers. PD-
L1 expression detected by ITHC analysis has several limitations as a
predictive biomarker. Although treatment responses to anti-PD-1
or anti-PD-L1 antibody therapies are associated with the expression
of PD-L1 protein in tumor tissues, approximately 10-40% of PD-
L1-negative patients also respond to anti-PD-1 or anti-PD-L1
therapies (18, 19). Conversely, we often encounter cases where
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TABLE 1 Main results of the previous pivotal phase Il trials of immune checkpoint inhibitors in advanced cancer.

Trial

Follow-up
duration

Cancer type

Regimen

Treatment
line

PD-L1
expression

Median PFS,
months
(95% ClI)

Median OS,
months
(95% ClI)

Reference
no.

1 KEYNOTE-024 Phase IIT 5y NSCLC Pembrolizumab, 200 mg q3w Ist TPS>50% 7.7 26.3 (6)
(6.1-10.2) (18.3-40.4)
2 CheckMate 057 Phase IIT 5y Non-squamous Nivolumab, 3 mg/kg q2w 2nd, 3rd All comers 2.5 11.1 (7)
NSCLC (2.2-35) (9.2-13.1)
3 OAK Phase 111 - NSCLC Atezolizumab, 1200 mg q3w 2nd, 3rd All comers 2.8 13.8 (8)
(2.6-3.0) (11.8-15.7)
4 ATTRACTION-  Phase III 3y Gastric cancer Nivolumab, 3 mg/kg q2w 3rd~ All comers 1.6 5.3 9)
§ 2 (adenocarcinoma) (1.5-2.3) (4.6-6.4)
-
L
g 5 KEYNOTE-045 Phase IIT 2y Urothelial cancer Pembrolizumab, 200 mg q3w 2nd~ All comers 2.1 10.1 (10)
S (1.9-2.1) (8.0-12.3)
=
6 CheckMate 141 Phase III 2y Head and neck Nivolumab, 240 mg q2w 2nd~ All comers 2.1 7.7 (11)
(Squamous carcinoma) (1.9-3.2) (3.1-12.6)
7 CheckMate 067 Phase 11T 6.5y Malignant melanoma Nivolumab, 3 mg/kg q2w Ist All comers 6.9 36.9 (12)
(5.1-10.2) (28.2-NR)
z 8 CheckMate 067 Phase IIT 6.5y Malignant melanoma Nivolumab, 1mg/kg q3w + Ist All comers 11.5 72.1 (12)
§ ipilimumab, 3mg/kg q3w (8.7-19.3) (38.2-NR)
=
29 KEYNOTE-189 Phase IIT >2y Non-squamous Pembrolizumab, 200 mg q3w + Ist All comers 9.0 220 (13)
% NSCLC platinum doublet therapy, q3w (8.1-10.4) (19.5-24.5)
g
S 10 Impower 130 Phase IIT - Non-squamous Atezolizumab, 1200 mg q3w + CBDCA | 1st All comers 7.0 18.6 (14)
NSCLC (q3w) + nab-PTX(qlw) (6.2-7.3) (16.0-21.2)

NSCLC, non-small cell lung cancer; PD-L1, programmed cell death ligand 1; PFS, progression-free survival; OS, overall survival; TPS, Tumor Proportion Score; CI, confidence interval; no., number; qlw, once weekly; q2w, once every 2 weeks; q3w, every 3 weeks.
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PD-LI1-positive patients do not respond to ICIs. This contradiction
is considered to be caused by PD-L1 expression as determined by
IHC and visual inspection by pathologists, which limits the
objectivity of determining PD-L1 expression levels. In other
words, the evaluation of PD-L1 expression performed by
pathologists using THC is limited because it does not provide a
quantitative evaluation and lacks objectivity. Another limitation of
the THC method is that the immunohistochemical staining method
of the PD-L1 molecule is based on the intensity of the color
visualized by the chromogenic agent 3,3’-diaminobenzidine
(DAB). In the conventional IHC method generally used in the
clinical setting, tissue sections are incubated with primary
antibodies and biotin-labeled secondary antibodies, followed by a
reaction with streptavidin-labeled horseradish peroxidase (HRP)
and a secondary antibody, and then with HRP and DAB
chromogen. Therefore, in IHC-DAB, the staining intensity
depends on the enzymatic activity of HRP and is greatly affected
by the air temperature, reaction time, and HRP substrate
concentration (20). Consequently, the quantitative sensitivity and
dynamic range of conventional ITHC methods using DAB for
pathological diagnosis are poor.

As described above, the scoring method of the former THC is
dependent on the staining intensity, so it is not completely
quantifiable. To overcome these limitations of IHC-DAB, we
focused on the phosphor-integrated dot (PID) method using
fluorescent nanoparticles, a novel protein quantification method
developed by Konica Minolta, Inc. (Tokyo, Japan). Although
existing IHC-DAB coloration systems have quantitative problems
in low-expression groups, the PID system has a wide dynamic
range, enabling the detection of both low- and high-expression
groups (21). Fluorescent THC can effectively improve the
quantitative sensitivity of conventional IHC-DAB; however, tissue
autofluorescence hinders sensitivity (22). To improve this
fluorescent THC autofluorescence deficiency, the PID method is
further characterized by the 100-fold luminance of conventional
fluorescent nanoparticles and high lightfastness, which is >10 times
higher than those of existing fluorescent dyes (21). Given these
characteristics, the system is expected to measure protein
expression more quantitatively, including in a range undetectable
by existing IHC. Compared to conventional IHC-DAB, the PID
method provides more objective data on protein expression because
it is possible to count the number of PID particles that bind in a
one-to-one fashion with antibodies in each cell. Additionally, an
image processing method was developed to calculate the PID
particle counts for the acquired images. We compared the
characteristics of the PID schemas with those of conventional
THC. We present a schema outlining the PID method (Figure 1A)
and a table comparing the features of each method (Table 2). Recent
studies have explored the application of fluorescent nanoparticles in
quantitative diagnostics because of their high photostability and
brightness; however, their clinical application has not yet been
achieved. Although two previous studies evaluated PD-L1
expression using the PID method (23, 24), it is unclear whether it
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can be a predictive biomarker for the therapeutic efficacy of ICIs,
such as anti-PD-1, anti-PD-L1, or anti-CTLA-4 antibodies.

Application of the PID method is expected to overcome the
limitations of IHC-DAB in quantifying protein expression levels.
Furthermore, PD-L1 expression, which is used as a companion
diagnostic marker to determine indications for ICI treatment, is not
a definitive biomarker. Thus, there is a need to identify superior
biomarkers for predicting the efficacy of ICIs. In this study, we
compared the correlation between conventional IHC-DAB and a
novel PID method for detecting PD-L1 expression in patients with
cancer treated with several ICIs. We analyzed whether the
evaluation of PD-L1 protein expression using the PID method
predicted the therapeutic efficacy of ICIs more reliably than the
conventional DAB system.

2 Materials and methods
2.1 Ethics statement

The study was conducted in accordance with the guidelines of
the Declaration of Helsinki and approved by the Ethics Committees
of Showa University School of Medicine (approval number: 2772),
Fukushima Medical University (approval number: 2019-262),
Saitama Medical University (approval number: 2409), and
Gunma University (approval number: HS2020-201). Informed
consent was obtained from all patients involved in the study.

2.2 Patient selection

This study enrolled 155 patients with metastatic or recurrent
cancer who were treated with ICIs. The patient cohort included
patients with several types of cancer, including non-small cell lung
carcinoma (NSCLC), gastric cancer, urothelial carcinoma, head and
neck carcinoma, and malignant melanoma. This was a multicenter
retrospective cohort study, and patients were diagnosed and treated
at Showa University Hospital, Fukushima Medical University
Hospital, Saitama Medical Center, and Gunma University
Hospital from December 2015 to December 2022. All patients
were treated with treatment regimens, including ICIs shown in
Table 3, that were administered according to the clinical settings.

2.3 Assessment of the treatment response

Each patient’s treatment response was evaluated using
computed tomography scans as imaging assessments. The
treatment efficacy was evaluated according to the Response
Evaluation Criteria in Solid Tumors version 1.1 (25). Overall
survival (OS) was defined as the date from the start of the first
administration of treatment to the date of mortality due to any
cause or the last follow-up. Progression-free survival (PES) was
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FIGURE 1

(A) Schematic explanation for the phosphor-integrated dot (PID) imaging of cancer tissues. The target protein, programmed cell death ligand 1 (PD-
L1) molecules in this study, in tumor tissue were immunostained with monomeric and biotinylated monoclonal primary and monoclonal secondary
antibodies. Then, the samples were stained with streptavidin-coated PID by biotin-streptavidin binding. (B) Immunohistochemistry of cancer tissue
using PID staining. Red spots on the tumor cells indicate PID particles. (C) The number of PID particles were quantified in whole regions of tumor
tissue specimen. The number of PD-L1-positive PID particles per 12 ym x12 um in the tumor cell nuclei were counted and shown as a heat map.
The "PD-L1 PID score” for each case was calculated as the mean value of the number of PID particles per 12 um X 12 ym area within each tissue

specimen. px, pixel.

defined as the date from the start of treatment to the first
documented progressive disease, mortality due to any cause, or
the last follow-up, whichever occurred first. The cut-off date of
follow-up was set as December 2022.

The “median PFS” or “median OS,” based on the results obtained
from the phase IIT pivotal clinical trials (Table 1), were used to
uniformly evaluate the patient treatment efficacies of patient
populations with different types of cancer. The patient population
was divided into two groups (responder and non-responder) or three
groups (long responder, responder, and non-responder), according to
the treatment response prescribed above for each cancer type and
treatment regimen. We then performed an analysis to compare PD-L1
expression evaluated by the PID method in each group.

Frontiers in Immunology

2.4 Evaluation of PD-L1 expression using
the IHC-DAB method

All tumor tissue specimens evaluated for PD-L1 expression
were obtained before each patient received ICI treatment. The
staining procedure for IHC using DAB and the evaluation
method for PD-L1 expression were performed according to
clinical routines, which have already been used for companion
diagnosis when ICIs are administered to patients with cancer. We
prepared formalin-fixed, paraffin-embedded tissue samples
obtained by biopsy or resection. To evaluate their PD-L1 THC
assay, 155 slides were tested using Dako PD-L1 IHC 28-8 PharmDX
kits (anti-PD-L1 28-8 rabbit monoclonal primary antibody; Dako,
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TABLE 2 Methodology for quantifying protein expression.

10.3389/fimmu.2023.1260492

Method Advantage Disadvantage

FACS Suitable for measuring the total amount of protein present | Not possible to evaluate both cell morphology and protein expression-dependent
in the cell. characteristics simultaneously.

IHC Both cell morphology and protein expression-dependent The intensity of DAB staining depends on the enzymatic activity of HRP and is greatly
characteristics can be evaluated simultaneously. affected by reaction time, temperature, and HRP substrate concentration; thus, the

quantitative sensitivity of IHC-DAB is low.

Fluorescent  Effectively increases the quantitative sensitivity of Poor photostability and interference with tissue autofluorescence.

THC conventional IHC.

THC with High fluorescence intensity and high photostability. Requires specific equipment for PID analysis.

PIDs Newly developed image processing method enables
calculation and quantification of the number of PID
particles in the obtained images.

FACS, fluorescence-activated cell sorting; IHC, immunohistochemistry; PIDs, phosphor-integrated dots; DAB, 3,3 -diaminobenzidine; HRP, horseradish peroxidase.

TABLE 3 Clinicopathological characteristics of all patients.

Characteristic

Age (y) (mean + SD) 67.5+9.4
Sex (n)

Male 119
Female 36
Cancer type (n)

Non-small cell lung carcinoma 109
Gastric cancer (adenocarcinoma) 28
Urothelial carcinoma 11
Head and neck cancer (squamous carcinoma) 4
Malignant melanoma 3
Site of pathological specimen (n)

Primary tumor 129
Metastatic tumor 26
ICI Regimen (n)

Nivolumab monotherapy 101
Pembrolizumab monotherapy 45
Pembrolizumab + platinum-based chemotherapy 4
Atezolizumab + platinum-based chemotherapy 3
Nivolumab + ipilimumab 1
Atezolizumab monotherapy 1

PD-L1 PID score (mean (min - max)) 2043 (556-15757)

PD-L1 expression (IHC) (n)

>50% 27
1-49% 59
<1% 60
Not evaluable 9

SD, standard deviation; ICI, immune checkpoint inhibitor; PID, phosphor-integrated dots;
THC, immunohistochemistry.
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Glostrup, Denmark) for nivolumab, PD-L1 IHC 22C3 PharmDX
kits (anti-PD-L1 22C3 mouse monoclonal primary antibody;
Agilent Technologies, Santa Clara, CA, USA) for pembrolizumab,
and Ventana PD-L1 SP142 (anti-PD-L1 28-8 rabbit monoclonal
primary antibody; Ventana, Antwerp, Belgium) for atezolizumab,
according to the manufacturers’ instructions. Two independent
pathologists were experts in interpreting the clinical cut-off values
of the assays used in this study and independently evaluated all 155
immunostained slides. IHC tests were scored by pathologists in
accordance with a previous article (26). Missing or damaged tissue
cores were excluded from the analysis, as was the case with <100
total tumor cells for scoring. The 28-8, 22C3 assays were used to
evaluate PD-L1 expression in tumor cells, whereas the SP142 assay
was used to assess PD-L1 expression in both tumor and immune
cells (27). Two methods were used to evaluate PD-L1 expression.
The Tumor Proportion Score was evaluated as the percentage of
PD-LI-positive cells among the total tumor cells, and it is used as a
companion diagnostic tool for lung cancer. The Combined Positive
Score was evaluated as the ratio of the number of PD-L1-positive
tumor cells plus tumor-infiltrating immune cells, e.g., lymphocytes
and macrophages, to the total number of tumor cells, and it is used
to evaluate PD-L1 expression in other types of cancer (26).

2.5 Evaluation of PD-L1 expression with
the fluorescence properties of PIDs

We used the same tumor tissue specimens to evaluate PD-L1
expression as for the IHC-DAB method. Tissues collected before the
patient received ICI treatment were used for analysis. The
quantitative immunohistochemical detection of proteins using
PID nanoparticles has been previously described (21). The
pathological sections were incubated with a primary antibody
against PD-L1 22C3 (Agilent Technologies, Santa Clara, CA,
USA). The sections were incubated with the secondary antibody,
which is Universal Secondary Antibody (Ventana, Antwerp,
Belgium), for 30 minutes at 25°C. Envision Flex Target Retrieval
Solution was activated at a low pH for 20 minutes at 95°C. The
sections were then treated with PID-conjugated streptavidin (0.06
nM) for 2 hours at 25°C. The negative control was prepared using
PID staining but without the primary antibody. Hematoxylin was
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used for nuclear counterstaining. The sections were irradiated at
580 nm, and the fluorescence intensity was measured using a whole
slide scanner (NanoZoomer S60; Hamamatsu Photonics K. K.,
Shizuoka, Japan) and a CMOS camera (ORCA-Flash version 4.0
LTPlus; Hamamatsu Photonics K. K., Shizuoka, Japan). Image
capture, autofocusing, and shading correction were automated
using the NDP.scan software (version 3.2.17, Hamamatsu
Photonics K. K., Shizuoka, Japan) (Figure 1B). The number of
PID particles was quantified using an automated exclusive QUIK
software (version 1.0.1.0, Konica Minolta, Inc., Tokyo, Japan) in
whole regions of the tumor tissue specimen. The input fluorescence
images underwent high-pass filtering to eliminate background
autofluorescence and noise. Subsequently, the positive bright
spots resulting from the PIDs were accurately detected within
fluorescence microscopy images. A previous article delved into
examining the relationship between fluorescence intensity and
particle count within a bright spot (21). Gonda et al. established a
standard curve exhibiting a positive correlation between
fluorescence signals and PID particle count. Employing this
method, the fluorescence intensity of each positive bright spot
analyzed in this study was translated into the corresponding PID
particle count. The quantity of particles per 12 pm x 12 um square
area was visualized as a heat map. The “PD-L1 PID score” for each
case was derived using the subsequent formula, computed as the
mean value of the number of PID particles per 12 pm x 12 pm
square area within each tissue specimen (Figure 1C). The unit of
PID score is expressed as/144 um?.

Sum of number of PID particles in whole regions of the specimen
Number of square areas of 12 um x 12 um

PID score (/144 ,umz):

Therefore, the resulting fluorescent images were captured,
processed, and homogenized using a computer image-processing
method that quantified the number of PID nanoparticles.

2.6 Statistical analysis

Statistical tests were performed, and figures were created using
GraphPad Prism 9.4.1 software (GraphPad Software Inc., San
Diego, CA, USA). Student’s t-test and Fisher’s exact test were
employed to compare the patient characteristics between the two
groups. The Spearman correlation coefficient was used to analyze
the associations between the variables. The comparison of PD-L1
expression values between the two groups was conducted using the
Mann-Whitney U test. For multiple comparisons of PID scores
between the three groups, statistical analyses were performed using
one-way analysis of variance with the Dann-Bonferroni multiple
comparison test. Statistical significance was defined at a p-
value <0.05.

Regarding survival analyses, the survival durations (PFS and
OS) of the patients were assessed using the Kaplan-Meier method
and statistically analyzed using the log-rank tests. All tests were
two-sided. When we compared between two groups using the log-
rank tests, a p-value <0.05 was considered statistically significant.
When performing comparisons among three groups with the
Kaplan-Meier analysis, log-rank tests were performed for each of
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the triplicate pairs. P-values judged to be significantly different had
to be adjusted and p-value <0.01667 (calculated 0.05 divided by 3)
was determined to be statistically significant for comparison among
three groups with Kaplan-Meier survival analysis.

3 Results
3.1 Clinicopathological characteristics

The clinicopathological characteristics of the patients are
summarized in Table 3. Detailed patient information and data are
presented in Supplementary Table S1. The median length of follow-
up periods for all enrolled patients was 13.6 months (range, 0.5-
69.1 months).

3.2 Correlation of PD-L1 expression
between the IHC-DAB and PID methods

We investigated the correlation between PD-L1 expression
measured by the THC-DAB method and PD-L1 expression
analyzed by the PID method using the Spearman correlation
coefficient test. Nine patients were excluded from the IHC-DAB
test because of low tumor cell counts (<100 total tumor cells);
therefore, 146 patients were included in the analysis. A modest
positive correlation was observed between PD-L1 expression
measured using the IHC-DAB and PID methods (r=0.3272,
p<0.0001; Figure 2). In contrast, there were some cases in which
PD-LI expression levels were not positively correlated between the
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FIGURE 2

Correlation between programmed cell death ligand 1 (PD-L1)
expression measured by immunohistochemical staining using 3,3 -
diaminobenzidine chronogenesis (IHC-DAB) method and PD-L1
phosphor-integrated dot (PID) score. The Spearman correlation
coefficient was used to analyze the correlation. A modest positive
correlation is observed between PD-L1 expression measured by the
IHC-DAB and PID methods (r=0.3272, p<0.0001). *Statistically
significant: p<0.05.
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two methods, such as a low PD-L1 PID score, despite the high PD-
L1 expression measured using the IHC-DAB method. We show
several images comparing PD-L1 expression between the IHC-DAB
and PID methods in Figures 3A-D. Several patients exhibited a high
PD-L1 PID score, irrespective of the low PD-L1 expression level
assessed by IHC-DAB. We identified 7 patients with PD-L1 (IHC-

10.3389/fimmu.2023.1260492

DAB) levels below 20% yet possessing a high PD-L1 PID score
(>4000). We conducted a comparative analysis between this patient
subgroup and the remaining patients to assess background
characteristics. The examination revealed no statistically
significant differences in patient background characteristics
between the two patient groups (Supplementary Table S2).

DAB-IHC

PID

FIGURE 3

px, pixel.

Representative images for visual comparison of programmed cell death ligand 1 (PD-L1) expression by the immunohistochemical staining using 3,3 -
diaminobenzidine chronogenesis (IHC-DAB) and phosphor-integrated dot (PID) methods. (A) The case of high expression in IHC-DAB and high PID
score: PD-L1 expression 90-100% (IHC-DAB), PD-L1 PID score 15757. (B) The case of low expression in IHC-DAB and high PID score: PD-L1
expression <1% (IHC-DAB), PD-L1 PID score 8487. (C) The case of high expression in IHC-DAB and low PID score: PD-L1 expression 90-100% (IHC-
DAB), PD-L1 PID score 2024. (D) The case of low expression in IHC-DAB and low PID score: PD-L1 expression <1% (IHC-DAB), PD-L1 PID score 762.
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3.3 Correlation between the PD-L1 PID
score and patient survival

The correlation between the PD-L1 PID score and survival
duration (PFS and OS) was analyzed using the Spearman
correlation coefficient test (n=155). There were weak positive
correlations between the PID score and PFS in the overall cohort
of patients (r=0.2800, p<0.001, Figure 4A). Similar to PFS, a weak
positive correlation with the PID score was observed for OS in the
overall cohort (r=0.2712, p<0.001, Figure 4B). PD-L1 PID scores
before ICI treatment, as determined by the PID method, correlated
with prolonged PFS and OS in patients with cancer who received
ICI treatment.

3.4 Comparison of PD-L1 PID scores by
the treatment efficacy of patients

We verified whether PD-L1 expression levels obtained using the
PID method before treatment initiation predicted the efficacy of ICI
treatment in patients. The overall patient population was divided
into two groups, responder and non-responder, based on their
treatment response to ICIs, and PD-L1 PID scores were statistically
compared between the two groups using Mann-Whitney U test
(n=155). The duration of PFS for the responder group was defined
by four criteria: PFS of each patient was 1) longer than “median
PFS,” 2) “median PFS”+3 months, 3) “median PFS”+6 months, 4)
“median PFS”+12 months, based on “median PFS” data obtained
from previous reported phase III pivotal trials evaluating ICI
treatments (Table 1) (6-14). PD-L1 PID scores were not
significantly different in the analysis that distinguished non-
responders from responders according to the “median PFS”
described above (p=0.5596, Figure 5A). However, PD-L1 PID
scores were significantly higher in responders than in non-

>

responders in this analysis for each patient’s PFS: >"median

>
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FIGURE 4
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PFS”+12 months were defined as responders (p=0.0242,
Figure 5B; p=0.0082, Figure 5C; and p=0.0323, Figure 5D,
respectively). Regarding OS, the duration of OS for the
responders was defined by the criteria in which each patient’s OS
was longer than the “median OS” reported in the previous pivotal
trials (Table 1) (6-14). PD-L1 PID scores were significantly higher
in responders than in non-responders according to prolonged OS
(p=0.0136, Figure 5E).

Additionally, the patient population was divided into three
groups: long responders, responders, and non-responders. PD-L1
expression as the PID score in each group was compared between
the three groups with the “median PFS” reported from the pivotal
trial as previously described (Table 1) (6-14). Multiple comparison
test results were statistically analyzed using the Dann-Bonferroni
multiple comparison test (n=155), and the PID scores were
significantly higher in long responders than in responders
(p=0.0498, Figure 6A; p=0.0190, Figure 6B), or non-responders
(p=0.0179, Figure 6C; p=0.0363, Figure 6D). Based on these
analyses of comparison between two and three groups, pre-ICI
treatment PD-L1 expression measured as PID score by the PID
method was associated with favorable PFS and OS in patients with
cancer who received cancer immunotherapy with ICIs. The results
regarding PFS suggest that PD-L1 PID scores might be predictive of
better prognosis, as PID scores were higher in responders with
longer PES.

3.5 Kaplan—Meier survival analysis
according to PD-L1 expression by the IHC-
DAB method

Based on the cut-off values (50% and 1%) of PD-L1 expression
by the IHC-DAB method, which is clinically applied (26), the
patient cohort was divided into two groups, “high” and “low”
according to PD-L1 expression levels by the conventional IHC-
DAB method. Then, we compared both groups using Kaplan-Meier

B
160007 . r=02712
p <0.001*
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.
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Correlation between programmed cell death ligand 1 (PD-L1) expression as the phosphor-integrated dot (PID) score and progression-free survival
(PFS) and overall survival (OS). The Spearman correlation coefficient was used to analyze the correlation between the PD-L1 PID score and survival
durations of (A) PFS and (B) OS. (A) There are weak positive correlations between the PID score and PFS in the overall cohort of patients. Similar to
PFS, (B) a weak positive correlation with the PID score is observed for OS in the overall cohort. *Statistically significant: p<0.05.
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Comparison of programmed cell death ligand 1 (PD-L1) phosphor-integrated dot (PID) scores by treatment efficacy, responders and non-
responders. Overall patient populations were divided into two groups, responders and non-responders, based on their treatment responses of
immune checkpoint inhibitors, and PD-L1 PID scores were statistically compared between both groups. (A) PD-L1 PID scores are not significantly
different in the analysis that distinguished non-responders from responders according to the “median PFS". (B—D) However, PD-L1 PID scores are
significantly higher in responders than in non-responders in this analysis for each patient's PFS: (B) >"median PFS"+3 months, (C) >"median PFS"+6
months, and (D) >"median PFS"+12 months were defined as the responders. (E) Regarding OS, PD-L1 PID scores were significantly higher in R than
in NR according to prolonged OS. R, responders; NR, non-responders; med, median. *Statistically significant: p<0.05.

survival analyses with the log-rank tests for PFS and OS. In the
overall patient population (n=155), OS was significantly prolonged
in the PD-L1 high (PD-L1(IHC) 250%) group (p=0.0347,
Figure 7B), and a similar trend was observed with a cut-off value
of 1%, which was not statistically significant (p=0.0697, Figure 7D).
Regarding PFS, there were no significant differences between the
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high and low groups of PD-L1 expression by the IHC-DAB method
with cut-off values of 50% (p=0.1607, Figure 7A) and 1% (p=0.1153,
Figure 7C). We additionally performed sub-analyses for the NSCLC
patient cohort because of the large number of patients (n=109), but
the results were not statistically significant (Supplementary
Figures 1A-D).
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Comparison of programmed cell death ligand 1 (PD-L1) phosphor-integrated dot (PID) scores by treatment efficacy. The patient population was
divided into three groups: long-responders, responders, and non-responders. One-way analysis of variance with the Dann—-Bonferroni multiple
comparison tests were performed to compare the three groups. (A, B) PID scores are significantly higher in long-responders than in responders
(p=0.0292, A; p=0.0190, B) and (C, D) non-responders (p=0.0179, C; p=0.0363, D). LR, long-responders; R, responders; NR, non-responders; med,

median. *Statistically significant: p<0.05.
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Kaplan—Meier survival analysis according to programmed cell death ligand 1 (PD-L1) expression by the immunohistochemical staining using 3,3" -
diaminobenzidine chronogenesis (IHC-DAB) method in two groups. Based on the cut-off values (50% and 1%) of PD-L1 expression by the IHC-DAB
method, the patient cohort was divided into two groups, “High” and “Low" according to PD-L1 expression levels by conventional IHC-DAB. In the
overall patient population (n=155), we compared both groups using Kaplan—Meier survival analyses with log-rank tests for PFS and OS

(A, C) Regarding PFS, there are also no significant differences between the "High"” and “Low" groups of PD-L1 expression by the IHC-DAB method,
which were defined by the cut-offs of (A) 50% and (C) 1%. (B) OS is significantly prolonged in the "High” (PD-L1(IHC) >50%) group, (D) and there is a
similar trend with a cut-off value of 1%, which is not statistically significant. HR, hazard ratio; Cl, confidence interval. *Statistically significant: p<0.05

Furthermore, based on the PD-L1 cut-off values (50%, 1-49%,
and 1%) evaluated by the IHC-DAB method, the patient population
was divided into three groups according to PD-L1 expression levels,
“High,” “Medium,” and “Low” groups, and then we compared the
three groups using Kaplan-Meier survival analyses with the log-
rank tests for PFS and OS. In the overall patient population
(n=155), OS in the “High” (PD-L1(IHC) 250%) group was
statistically prolonged compared to that of the “Low” (PD-LI
(IHC) <1%) group (p=0.0146, Figure 8B). However, no significant
results were obtained for PFS (Figure 8A) when the three groups
were categorized based on PD-L1 expression by the ITHC-DAB
method. Sub-analyses for the NSCLC patient cohort were also
performed (n=109), and there were no statistically significant
findings in the Kaplan-Meier survival analyses for both PFS
(Supplementary Figure 2A) and OS (Supplementary Figure 2B).
Therefore, these analyses indicated that the PD-L1 expression levels
defined by the conventionally used IHC-DAB method with PD-L1
cut-off values were not associated with favorable PFS and OS, except
for the “High” (PD-L1(IHC) 250%) group in OS.
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3.6 Determining the cut-off value of the
PD-L1 PID score

There are no criteria for defining high or low PD-L1 expression
using the proportional integral derivative method. To determine an
appropriate cut-off value for the PD-L1 PID score, we defined
“high” and “low” PD-L1 expression by the IHC-DAB method as the
outcomes and plotted receiver operating characteristic (ROC)
curves regarding the PID scores. The PID score with the highest
value, calculated by the formula [Sensitivity - (1 + Specificity)], was
defined as the most appropriate cut-off value by the Youden index
to distinguish between high and low PD-L1 expression groups (28).
Appropriate ROC curves with statistical significance were obtained
when PD-L1 IHC-DAB cut-off values of 50%, 20%, and 10% were
applied, and the most appropriate cut-off value of the PD-L1 PID
score was 1863 (Supplementary Figures 3A-H).

Moreover, we divided the PID scores into three groups for
analysis, as was done for the IHC-DAB method. The cut-off values
for dividing the patients into three groups were determined using
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Kaplan—Meier survival analysis according to programmed cell death ligand 1 (PD-L1) expression by the immunohistochemical staining using 3,3" -
diaminobenzidine chronogenesis (IHC-DAB) method between the three groups. Based on the PD-L1 cut-off values (50%, 1-49%, and 1%) evaluated
by the IHC-DAB method, the patient population was divided into three groups of PD-L1 expression levels, “"High,” “Medium,” and “Low" groups, and
then we compared the three groups by performing Kaplan—Meier survival analyses with the log-rank tests for PFS and OS. (A) In the overall patient
population (n=155), no significant results were obtained for PFS. (B) OS in the PD-L1 "High" (PD-L1(IHC) >50%) group was statistically prolonged
compared to that of the PD-L1 "Low" (PD-L1(IHC) <1%) group (p=0.0146, B). HR, hazard ratio; Cl, confidence interval; p, p-value; Med, medium.

*Statistically significant: p<0.01667.

percentile values: 1) PID score >2359 (75th percentile) for the
“High” group, 2) 948 (25th percentile)<PID score<2359 (75th
percentile) for the “Medium” group, 3) PID score <948 (25th
percentile) for the “Low” group (Supplementary Figure 4).

3.7 Kaplan—Meier survival analysis
according to the PD-L1 PID score

Based on the cut-off value (1863) of the PD-L1 PID score that
was obtained above, the patient cohort was divided into two groups,
“High” and “Low” according to the PD-L1 expression levels by the
PID method, and then we compared the two groups using Kaplan-
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FIGURE 9

Meier survival analyses with log-rank tests for PFS and OS. In the
overall patient population (n=155), PFS and OS were significantly
prolonged in the “High” PD-L1 PID score group (p=0.0005,
Figure 9A and p=0.0011, Figure 9B, respectively). We further
performed sub-analyses of the NSCLC patient cohort (n=109).
PFS was significantly longer in the “High” PID score group than
in the “Low” PID score group (p=0.0325, Supplementary
Figure 5A), and a similar trend was observed for OS in the
NSCLC patient cohort (p=0.0575, Supplementary Figure 5B).
Based on the percentile values, the PID scores were divided into
three groups, “High,” “Med,” and “Low” groups, for survival
analysis. Then, we compared the three groups using Kaplan-
Meier survival analyses with the log-rank tests for PFS and OS.
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Kaplan—Meier survival analysis according to the programmed cell death ligand 1 (PD-L1) phosphor-integrated dot (PID) score in two groups. Based
on the cut-off value (1863) of the PD-L1 PID score, the patient cohort was divided into two groups, “High” and “Low" according to PD-L1 expression
levels by the PID method, and then we compared the two groups using Kaplan—Meier survival analyses with the log-rank tests for PFS and OS. In the
overall patient population (n=155), both (A) PFS and (B) OS are prolonged in the “High” PD-L1 PID score group with high statistical significance. HR,

hazard ratio; Cl, confidence interval. *Statistically significant: p<0.05.
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Only in these analyses of comparison among the three groups, a p-
value <0.01667 was considered to be statistically significant. In the
overall patient population (n=155), PFS was significantly prolonged
in the “High” PD-L1 PID score group compared with the “Medium”
(p=0.0011, Figure 10A) and “Low” PD-L1 PID score groups
(p=0.0003, Figure 10A). Similar to PFS, the “High” PD-L1 PID
score group had more favorable OS than the “Medium” (p=0.0012,
Figure 10B) and “Low” PD-L1 PID score groups (p<0.0001,
Figure 10B). In the NSCLC cohort (n=109), PFS and OS were
longer in the “High” PD-L1 PID score group with strong statistical
significance than in the “Medium” (p=0.0098, Supplementary
Figure 6A; and p=0.0070, Supplementary Figure 6B, respectively)
and “Low” PD-L1 PID score groups (p=0.0059, Supplementary
Figure 6A; and p=0.0023, Supplementary Figure 6B, respectively).
Therefore, the results demonstrated that when the PID score was
used as the cut-oft value for the PD-LI expression level, the PID
score more clearly predicted the treatment efficacy and prognosis of
patients treated with ICIs.

4 Discussion

To evaluate whether quantitative detection of PD-L1 expression
predicts the clinical outcomes of patients with cancer treated with
ICIs, we demonstrated the expression of PD-L1 protein using two
different immunohistochemical detection methods, the
conventional THC-DAB and PID system. From the results
obtained herein, the quantitative evaluation of PD-L1 expression
by the PID score appears to be more effective than the cut-oft of PD-
L1 expression by the IHC-DAB method in predicting the treatment
efficacy and prognosis of patients with cancer treated with ICIs. PID
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scoring as a quantitative detection system is expected to resolve
some limitations of the IHC-DAB method for quantifying protein
expression levels.

Since the PID method was first reported in 2017 (21),
researchers have focused on this technology and its practical
applications. Gonda et al. published foundational articles on the
PID system and established a novel method for quantitative protein
evaluation by IHC using new fluorescent nanoparticles, called PIDs,
with high sensitivity and a wide dynamic range (21). The PID
method is strongly correlated with conventional human epidermal
growth factor receptor 2 (HER2) testing methods using IHC-DAB
(21, 29). In the present study, PD-L1 expression assessed using the
conventional IHC-DAB method was positively correlated with that
assessed using the PID method. Additionally, protein expression
assessed by the PID method has been reported to have a positive
linear correlation with that obtained by other methodologies such
as fluorescence activated cell sorting analysis (21, 29) or enzyme-
linked immunosorbent assay (ELISA) (24). Thus, the
reproducibility of the PID method was confirmed by comparison
with the other methods. It has also been verified whether protein
expression evaluated using the PID method can be used as a
biomarker for predicting treatment efficacy. The number of
HER2-positive PID particles in breast cancer tissue analyzed from
pretreatment biopsies have been shown to predict the therapeutic
efficacy of the anti-HER2 antibody (trastuzumab) (21). Guo et al.
showed that a high ratio of extranuclear-to-nuclear estrogen
receptor alpha (ERo) in patients with hormone receptor-positive
and HER2-negative breast cancer indicates a decreased likelihood of
benefiting from hormone therapy (30). Similar to our study, the
PID score for PD-L1 expression showed a higher prognostic value
than protein detection using IHC-DAB (23). Quantitative
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Kaplan—Meier survival analysis according to the programmed cell death ligand 1 (PD-L1) phosphor-integrated dot (PID) score between the three
groups. Based on the 25th and 75th percentile values, PID scores were also divided into three groups for the survival analysis. We compared the
three groups by performing Kaplan—Meier survival analyses with the log-rank tests for PFS and OS. In the overall patient population (n=155), both
(A) PFS and (B) OS are significantly prolonged in the “High" PD-L1 PID score group compared with the "Medium” (PFS, p=0.0011, A; OS, p=0.0012,
B) and "Low” PD-L1 PID score groups (PFS, p=0.0003, A; OS, p<0.0001, B). HR, hazard ratio; Cl, confidence interval; p, p-value; Med, medium

*Statistically significant: p<0.01667.
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evaluation of MYC protein expression using the PID method
stratified OS in patients with diffuse large B-cell lymphoma more
precisely than the conventional IHC-DAB method (31).

There have been limited studies on the quantitative evaluation
of PD-L1 molecules using the PID method. In a previous study, PD-
L1 expression in pancreatic ductal carcinoma was evaluated using
THC with PID, which could detect PD-L1 expression with higher
sensitivity than conventional THC-DAB. PD-L1 expression,
evaluated using the PID method, predicts poor prognosis (23).
Another study showed that digital immunostaining of PD-L1
expression was highly correlated with protein expression
measured by other methods, such as ELISA and quantitative
messenger RNA data generated by the nCounter system (24).
Both studies are valuable in that they evaluated PD-L1 expression
using the novel PID method, but they did not validate whether it
predicts the efficacy of ICI treatment. In our study, we not only
compared the PID method with the conventional ITHC-DAB
method in assessing PD-L1 expression but also analyzed the
relationship between PD-L1 expression by IHC-DAB and
treatment response to ICIs using pre-ICI treatment tissue
specimens from 155 patients with cancer. When the patients were
classified into responder and non-responder groups based on the
duration of PFS and OS, the PD-L1 PID scores in the responder
group were higher than those in the non-responders. As our data
showed that PID scores tended to be higher in patients with a longer
PFS, it is possible that PID scores were better at predicting long
responders, which is a hallmark of ICI treatment. Furthermore,
when we performed survival analysis by dividing patients into high
and low PD-L1 PID score groups, PFS and OS were significantly
prolonged in patients with high PID scores. However, when the PD-
L1 expression level was evaluated using the conventional DAB
method, neither PES nor OS was significant and could not predict
treatment response or prognosis. We found that the PD-LI
expression level evaluated using the PID method has the potential
to be a better biomarker than the IHC-DAB method. There are
several possible reasons why the two analysis methods gave different
results. The main limitation of the IHC-DAB method is the
dependence of the staining intensity on the enzymatic activity of
HRP, which in turn is influenced by factors such as temperature,
reaction time, and HRP substrate concentration. Furthermore, the
efficacy of the IHC-DAB method is curtailed by the subjective
selection of noteworthy fields of view by pathologists and their
subsequent visual assessment of PD-L1 expression, which prevents
quantitative evaluation and lacks objectivity. Conversely, the PID
method features brightness levels 100 times greater than
conventional fluorescent nanoparticles, along with 10 times
greater lightfastness compared to existing fluorescent dyes (21).
These distinctive attributes equip the PID method with the capacity
to assess protein expression assessments in a more quantitative and
accurate manner than the DAB method. Additionally, the capability
of the PID method to comprehensively analyze entire regions of
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tumor tissue specimens permits the evaluation of PD-L1 expression
in whole areas that conventional visual inspection by pathologists
may not fully capture. These factors likely contribute to the
disparities in results observed between the DAB and PID methods.

Furthermore, the PID method has been applied to research
other than the search for predictive biomarkers of therapeutic
efficacy. Guo et al. performed PID analysis using the nearest
neighbor method, which takes advantage of the ability to analyze
the location of detected proteins in cells and tissues. ERat expression
in nuclear and extranuclear regions was detected and quantitatively
analyzed, resulting in higher sensitivity and specificity than
conventional THC-DAB in patients with breast cancer (30).
Suzuki et al. applied PID imaging to study antibody drugs to
elucidate their mechanism of action. They evaluated the
intratumor pharmacokinetics using PID imaging analysis, which
can assess the distribution of proteins to tumor target sites at the
microlevel, to analyze the intratumor distribution of a novel HER2-
targeted antibody drug conjugate, trastuzumab deruxtecan (32).
PID imaging analysis is expected to be used not only to detect
biomarkers such as HER2 and PD-L1 expressed in tumor tissue but
also as an ideal tool for elucidating the mechanism of action of
antibody drugs in tumor tissue in the clinical setting. Moreover, as
Inamura et al. analyzed the expression of colony stimulating factor-
1 receptor-expressing tumor-associated macrophages in lung
cancer tumor tissue (33), PID imaging technology will be
increasingly applied to analyze the immune microenvironment in
tumor tissue.

We found no significant difference in PID scores between
responders and non-responders when using the “median PFS”
reported in the pivotal trial as the cut-off, but significant results
were obtained when patients were divided by “median PFS”+3
months, “median PFS”+6 months, and “median PFS”+12 months.
In clinical trials of ICIs, PFS can be attributed to tumor shrinkage
(pseudo-progression) following disease progression (PD) or to
longer survival after PD, both of which suggest a delayed effect of
ICIs. Previous studies have reported that excluding modified PFS,
which excludes early PD events up to 3 months after
randomization, is a more accurate surrogate endpoint for OS
than actual PFS (34). Thus, considering the early PD of
approximately 3 months, it is possible that a median PFS of 3
months or more would be reasonable to obtain significant results.

The present study has several limitations. It is a retrospective
analysis, and there lies the aspect that it solely served as an exploratory
investigation into the utility of PD-L1 expression through the PID
method. In terms of the study design, the enrolled patients exhibited
heterogeneity and encompassed various cancer types. The inclusion of
diverse cancer types in this study gives rise to discrepancies in the
approach to evaluating PD-L1 expression by the IHC-DAB method
between NSCLC and other cancer types. Our assessment of PD-L1
expression by the THC-DAB method aligns with the method employed
in clinical practice. TPS serves as a companion diagnostic tool for lung
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cancer, whereas CPS is utilized for assessing PD-L1 expression in other
cancer types within clinical settings. Furthermore, the determination of
the cut-off value of the PD-L1 PID score also remains a challenge.
Currently, no recommended or established cut-off values exist for
evaluating PD-L1 expression using the PID method. In this study, we
established our own cut-off values utilizing ROC curves and percentile
values. These cut-off values for PD-L1 PID scores may vary based on
patient background, such as different cancer types. To resolve these
issues and verify our results, conducting a prospective study with a
homogenized patient population is imperative. We are in the process of
planning a clinical trial to investigate PD-L1 expression through the
PID method in the future.

5 Conclusions

We evaluated PD-L1 expression using highly sensitive quantitative
immunohistochemistry with fluorescent nanoparticles (PIDs) in 155
patients with unresectable, recurrent, or metastatic cancer treated with
ICIs, and compared it with that using the conventional THC-DAB
method. Evaluation of PD-L1 expression by the IHC-DAB and PID
methods showed a positive correlation. The quantitative assessment of
PD-L1 expression using the PID method predicted responders to ICI
treatment. Furthermore, PFS and OS were significantly prolonged in
the group with higher PD-L1 PID scores, suggesting that quantitative
evaluation of PD-L1 expression by the PID method could be a
biomarker for predicting treatment efficacy and patient prognosis of
ICI treatment. It is significant that the PID method was able to identify
the favorable prognosis group that could not be detected using
conventional DAB staining. We propose prospective studies and
further research on the quantitative evaluation of PD-LI expression
using the innovative PID method with the aim of adapting this
methodology to clinical practice.
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