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ABSTRACT

Intratumoral immune profiles are related to prognosis and therapeutic efficacy, and could result in personalized treatments based on biomarkers. To
develop a multiplex, quantitative, and rapid tissue evaluation method based on the clinically established standard immunohistochemistry (IHC), a 6-
marker rapid multiplex IHC was developed based on our previously reported 14-marker multiplex IHC by reducing the number of labels and
accelerating the staining procedure. First, fewer labels were required to identify the same immunological features linked to prognosis in 14-marker
multiplex IHC analyses. The six selected markers showed a significant correlation with the 14 markers in the immune classification. Next, a rapid
staining protocol was developed by optimizing the reaction temperature, chromogen, and washing time, allowing the completion of 6-marker
analysis in 5 h and 49 min, as opposed to the several days required for conventional multiplex IHC. Validation of benign tonsil and head and
neck cancer tissues revealed a significant correlation between rapid and conventional 6-makrer multiplex IHC in terms of staining intensities,
densities of T cells, macrophages, lymphoid/myeloid immune cell ratios, and spatial profiles of intratumoral immune infiltrates. This method may
enable quantitative assessment of the tumor-immune microenvironment on a clinically feasible time scale, which promotes the development of
tissue biomarker-guided therapeutic strategies.

1. Introduction

The tumor-immune microenvironment (TiME) is intimately involved in the characteristics of solid tumors and is associated with
the therapeutic response and resistance to immunotherapy, as well as chemo- and molecular targeting therapies [1]. With the
emergence of tissue analytical technologies capable of evaluating the cellular composition, functional states, and spatial organization
of TIME components, it has become evident that tissue-based tumor characterization can provide insights into novel targets for
therapy, patient stratification, and monitoring of drug response and resistance properties in clinically applicable settings. Currently,
various tissue-analyzing technologies, such as single-cell RNA sequencing [2,3] and multiplexed proteomics, are used [4] to examine
how cells organize tumors and interact with each other. However, these methods have significant barriers to clinical application in
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terms of time, equipment, and analysis costs. More importantly, the presence of tumor heterogeneity also makes it difficult to elucidate
TiME characteristics, as most current advanced methods only analyze a portion of a large tumor section and lack the ability to analyze
the entire tissue. The clinical application of biomarkers based on TiME requires the development of techniques that allow rapid
analysis of heterogeneous tissue properties with high reliability and cost-effectiveness.

Immunohistochemistry (IHC) is reliably used in pathological diagnosis, allowing pro- and retrospective sample acquisition and
tissue-based imaging studies without significant costs; however, classical histological and IHC methods lack multiplex analysis
capability. To add multiplicity to standard IHC, multiplex IHC based on iterative cycles of staining, digital image scanning, and
antibody/chromogen stripping enables staining with 12-29 different antibodies in a single section, irrespective of the origin of the
antibodies [5-7]. Considering the reliability, low cost, and whole-tissue analysis capabilities of standard IHC used in clinical practice,
multiplex IHC is advantageous for the quantitative evaluation of multiple cell lineages in a single tissue with preserved spatial in-
formation. However, the time-consuming nature of multiplex IHC can be an obstacle to its clinical diagnostic applications. As several
endeavors have been made to accelerate conventional multiplex IHC by adjusting the reaction temperature [8,9], electromagnetic
fields [10,11], and ultrasound-assisted reactions [12], similar approaches may contribute to the realization of rapid multiplex IHC,
which could be adopted in routine clinical practice.

Herein, a rapid multiplex IHC protocol was developed, where our previously reported multiplex IHC protocol with iterative
staining cycles [7] was modified to reduce the time required from 2 h to minimum 28 min per cycle. To accelerate multiplex IHC in a
short time, the reaction temperatures and washing techniques were optimized, focusing on a minimum of six markers for immune
characterization so that the entire process could be completed in less than 6 h. Rapid multiplex IHC has the potential to provide
precision medicine based on tissue profiles within a clinically adoptable timeframe.

2. Materials and methods
2.1. Clinical samples and classification

Formalin-fixed paraffin-embedded (FFPE) samples of human tonsils (n = 5) and head and neck squamous cell carcinomas (n = 60)
were obtained from surgically resected specimens at the Kyoto Prefectural University of Medicine. Based on a study [7], the classi-
fication of the tissue immune characteristics of the three groups of hypo-, lymphoid-, and myeloid-inflamed status was performed as
follows: if the number of CD45" cells was less than 1500 (cells/mmz), the specimen was classified as hypo-inflamed; otherwise, if the
lymphoid-to-myeloid cell ratio was greater than 2, the specimen was classified as lymphoid-inflamed, and if not, the specimen was
classified as myeloid-inflamed.

2.2. Multiplex IHC

FFPE tissue sections (5 pm) of FFPE tissues were placed in a 63 °C heat chamber for 15 min, deparaffinized with xylene, and
rehydrated in serially graded alcohols in distilled water. Slides were stained with hematoxylin (§3301, Dako) for 2 min, mounted with
PBST buffer (x1 D-PBS, Nacalai tesque #14249-66 plus 0.05 % Tween-20), and covered with a cover glass (32 mm No.1, #C024321, or
60 mm No.1, #C024601, Matsunami glass), followed by whole-tissue scanning using a Nanozoomer S60 scanner (Hamamatsu Pho-
tonics) at 20x magnification. After removing the cover glass by agitation of the slides in PBST, peroxidase activity was blocked with
0.6 % hydrogen peroxidase in PBS for 15 min, and the slides were subjected to heat-mediated antigen retrieval by immersion in citrate
solution (pH 6.0) (LSI Medience, #102172) for 15 min. Sequential multiplex IHC, consisting of iterative cycles of staining, scanning,
and antibody/chromogen stripping, was performed.

Conventional multiplex IHC was performed based on the iterative cycles of staining, digital image scanning, and signal stripping as
described previously [7]. Briefly, FFPE tumor sections were subjected to protein blocking with a blocking buffer (5.0 % goat serum, 2.5
% BSA, and PBS) for 15 min, followed by sequential immunodetection with primary and horseradish peroxidase (HRP)
polymer-conjugated secondary antibodies (Supplementary Table 1). After chromogen development of antibodies based on

Table 1
The list of antibodies and conditions used for rapid multiplex IHC.
Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6

Blocking 1 min 1 min 1min 1min 1min
Primary ab Hematoxylin CD68 PDL1 CD45 CD3 pCK
Supplier Dako Abcam Cell Signaling Thermo Scientific Thermo Scientific Abcam
Clone/Product# S3301 PG-M1 E1L3N H130 SP7 AE1/AE3
Concentration Original 1:50 1:100 1:100 1:50 1:2000
Reaction 2 min, room 10 min, 37°C 10 min, 37°C 10 min, 37°C 15 min, 37°C 10 min, 37°C
Secondary ab Anti-mouse Anti-rabbit Anti-mouse Anti-rabbit Anti-mouse
Supplier Nichirei Nichirei Nichirei Nichirei Nichirei
Product# 414131 414141 414131 414141 414131
Concentration Original Original Original Original Original
Reaction 30 min, room 30 min, room 10 min, 37°C 7 min, 37°C 10 min, 37°C
Chromogen AMEC, 5 min AMEC, 5 min AMEC, 5 min AMEC, 5 min AMEC, 5 min
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3-amino-9-ethylcarbazole (AEC) (Vector Laboratories), the slides were scanned digitally at 20x objective magnification using a
Nanozoomer S60 scanner (Hamamatsu Photonics). After chromogenic destaining in an alcohol gradient, tissue sections were stripped
of the antibody by heat treatment in a citrate solution (pH 6.0), followed by subsequent rounds of antibody staining and imaging. The
conditions and antibodies used for conventional multiplex IHC are listed in a previous report for the 14-plex [13] and Supplementary
Table 1 for the 6-plex.

Rapid multiplex IHC was performed using the conventional multiplex IHC method with the following modifications. After protein
blocking with blocking buffer (5.0 % goat serum, 2.5 % BSA, and PBS) for 1 min, the sections were incubated with primary antibodies

A Conventional Rapid
14-marker panel 6-marker panel
\
Hematoxilin  CD45 Foxp3
PD1 NKp46 CD66b Hematoxilin  CD68
PDLA1 CD8 pCK CD45 PDL1
CD3 DCLAMP  Trypase ch3 PCK
CD68 CD20
_J
B C D
10000~ <~ 1000~ 10007
- E s F .
€ 1000 o’ E 1004 f. o 1001
£ 2 o
3 100 A LA o
(7] [ ] ~ o 10 ° ~
£ 104 > 11 ° o o ?’
3 z P %
o 14 8‘ 0.1 =
= = @
L] (%) [ ] (3]
0'101 1 10 100 100010000 = oo SN ' ' : '
. SN \Q@@Q@ 01 1 10 100 1000
Lymphoid lineage(cells/mm?) Myeloid lineage(cells/mm?) L/M ratio
R 0.9708 R 0.7680 R 0.7310
P <0.0001 P <0.0001 P <0.0001
E < 14-marker based panel
E Q0
=% Hypo Lymphoid Myeloid
- io
S < ge < 1500 1500 = CD45* (/mm?)
g O~ 22 <2 L/M ratio
b Hypo § 17 0 0
] o
S8 v Kappa = 0.798
» [Lymphoid © 0 15 4 SE of kappa = 0.067
g A 95% Cl: 0.666 to 0.930
g | myeloid | B © 0 4 20
©

L/M ratio : Lymphoid cells/myeloid cells
T/Me ratio: T cells/macrophages

Fig. 1. Six primary immune-related markers represent 14-marker-based tissue immune characteristics. (A) Nuclei, CD68, CD3, PD-L1, CD45, and
pan-cytokeratin (pCK) were selected to approximate lymphoid and myeloid cells from the 14-marker panel. (B) Comparative analysis of cell
densities between T cells (CD45"CD3" cells) in the six-marker panel and lymphoid lineages (CD45"CD3" T cells, CD45"CD20" B cells, and
CD45"NKp56™ natural killer cells) in the 14-marker panel. (C) Comparative analysis of cell densities between macrophages (CD457CD68™ cells) in
the six-marker panel and myeloid lineages (CD457CD68" macrophages, CD457CD66b" granulocytes, and CD45 " Tryptaset mast cells, and
CD45"DC-LAMP™ dendritic cells) in the 14-marker panel. (D) Correlation between the T cell/macrophage ratio by the 6-marker panel and the
lymphoid/myeloid ratio by the 14-marker panel was shown. Statistical assessment (B-D) was performed by Spearman’s correlation coefficient. (E) A
3 x 3 contingency table was shown to compare three immunological classifications based on 14-marker versus six-marker panels. Kappa’s index was
used for statistical assessment.
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at the dilutions, reaction times, and temperatures indicated in Table 1. The slides were then stained with either an anti-mouse or anti-
rabbit horseradish peroxidase polymer-conjugated antibody (Histofine Simple Stain MAX PO; Nichirei Biosciences Inc.) for the in-
cubation times specified in Table 1. Visualization was performed using an advanced product of AEC, AMEC (Vector Laboratories),
which has 5-10 times greater sensitivity than AEC. Cover glass placement, whole-tissue scanning, and cover slip removal were per-
formed as previously described. After chromogenic destaining in an alcohol gradient, the tissue sections were stripped of the antibody
by heat treatment in a citrate solution (pH6.0). During each stage, the slides were washed by spraying PBST for approximately 9 s using
a squirt bottle. Prior to the chromogen reaction, the slides were washed with deionized water following the PBST wash. The slides were
sequentially restored in the order indicated in Table 1. For primary antibodies and HRP polymer-conjugated secondary antibodies, the
concentration and reaction time were optimized at 37 °C (Table 1). The reaction temperature was adjusted using an ihcDirect Slide
Warmer (#NVD M81500-110, Novodiax).

2.3. Digital image processing and image cytometry

After staining, image acquisition and computational processing were performed as described previously [7]. Iteratively digitized
images were accurately co-registered using in-house software (SCREEN Holdings Co., Ltd.). The software calculated the coordinates of
each image relative to the reference image (any one of the images). Using these coordinates, a set of non-compressed TIFF images for
each region of interest (ROI) was extracted. Visualization was performed using Aperio ImageScope Version 12.March 3, 5048 (Leica)
and Image J/Fiji Version 1.51s (National Institutes of Health). Co-registered images were converted to single-marker images;
whereafter, they were inverted and converted to grayscale, followed by pseudo-coloring. For quantitative image assessment, single-cell
segmentation and quantification of staining intensity and shaped-size measurements were performed using CellProfiler Version 2.2.0
(Broad), and saved in a file format compatible with the image cytometry data analysis software FCS Express 7 Image Cytometry (De
Novo Software). The signal intensity of positive cells was determined using thresholds based on the staining intensity of negative
controls, as previously described [7].

2.4. Statistical analysis

Statistical calculations were performed using the Spearman’s correlation coefficient using GraphPad Prism 8.3.0 (Graphpad
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Fig. 2. Rapid multiplex IHC based on enhanced antibody/chromogenic reactions. Schematic overview demonstrates the workflow of the rapid
multiplex IHC. Required times for conventional and rapid multiplex IHC are shown (see Materials and methods).



A. Kimura et al. Heliyon 10 (2024) 33830

A CD68 PDL1 CD45 CD3 pCK

]

c
e,

o

C

o

>

c

O — - o) I I
O .

Q.

©
1

[Essniesa] — — — —

-
%

B . n\éent_ioal ____ Nuclei CD68 PDL1CD45CD3

CD45CD3

Fig. 3. Rapid and conventional multiplex IHC provide equivalent results in visualization. (A) CD68, programmed cell death ligand 1 (PD-L1), CD45,
CD3, and pan-cytokeratin (pCK) were comparatively stained by conventional and rapid protocols in two adjacent serial tissues. Scale bars = 250 pm.
(B-C) 6-marker pseudo-colored images stained with conventional (B) and rapid (C) protocols. Biomarkers and colors are shown on top of the images.
Corresponding single-marker images are also shown. Scale bars = 250 pm.
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Software, San Diego, CA, USA). The kappa index was used to check the agreement of the classification results by conventional and
rapid protocols using GraphPad QuickCalc (www.graphpad.com/quickcalcs/kappal/).

2.5. Study approval

All studies involving human tissues were approved by the Institutional Review Board (ERB-C-43-4) and written informed consent
was obtained from all patients.
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Fig. 4. Multiparameter cytometric image analysis for quantification of multiplex IHC. (A-B) Image cytometry-based cell population analyses for the
conventional (A) and rapid procedure (B). Gating thresholds for qualitative identification were determined based on data in negative controls. (C-G)
Cell densities quantified by conventional and rapid multiplex IHC compared for CD45 (C), CD3 (D), CD68 (E), programmed cell death ligand 1 (PD-
L1) (F), and pan-cytokeratin (pCK) (G), using Spearman’s correlation coefficient. (H-I) Location information of single cells on the coordinates,
comparing conventional (H) and rapid multiplex IHC (I). The boxes present a magnified region at the right panels. Lineages and color annotations
are shown for T cells (CD457CD3™), tumor cells (pCK"), and macrophages (CD45"CD68™).
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3. Results
3.1. Selective six markers represent 14 marker-based immunological characteristics of head and neck squamous cell carcinoma

The balance of lymphoid and myeloid cells, as assessed by 14-marker multiplex staining, is associated with the prognosis of head
and neck squamous cell carcinoma, pancreatic ductal adenocarcinoma, and papillary and follicular thyroid carcinomas [7,13]. To
achieve rapid staining, the nuclei of CD68, CD3, programmed cell death ligand 1 (PD-L1), CD45, and pan-cytokeratin (pCK) were
selected to approximate lymphoid and myeloid cells from the 14-marker panel (Fig. 1A). In the multiplex IHC-based quantitative
analysis of 60 specimens of head and neck squamous cell carcinoma, the density of lymphoid and myeloid cells obtained by the
14-marker analysis highly correlated with the density of T cells and macrophages obtained by the 6-marker analysis (Fig. 1B and C).
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Fig. 5. Demonstration of the rapid multiplex IHC for head and neck squamous cell carcinoma. (A) An overview of rapid multiplex IHC-based
biomarker platform. The goal is to select an optimized treatment in a short time by analyzing immunological characteristics. (B-D) Data from
three cases analyzed by rapid IHC classified into hypo-inflamed (B), lymphoid-inflamed (C), and myeloid-inflamed (D) profiles. Cell distribution,
composition, and density of tumor cells (pCK™), T cells (CD45"CD3™"), macrophages (CD45"CD68™), other immune cells (CD45"CD3~CD68 "), and
stroma cells (CD45 pCK™) are shown. The percentages of PD-L17 cells are shown in magenta around the perimeter of the pie chart, and tumor
proportional score (TPS) and combined positive score (CPS) were calculated.
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Furthermore, the lymphoid/myeloid ratio by 14-marker analysis correlated with the T cell/macrophage ratio based on a 6-marker
analysis (Fig. 1D). The three subgroups of hypo-, lymphoid-, and myeloid-inflamed profiles based on a previous study (see Mate-
rials and methods) were consistent with the classification using the 6-marker panel (Fig. 1E). Together, these results suggest that the six
selected markers may enable the prompt estimation of the basic immune properties of tumor tissues.

4. Enhanced antibody/chromogenic reactions enable a rapid procedure of multiplex ITHC

Following marker selection, the staining procedure was hastened using two approaches: 1) optimizing the preparatory steps before
and after the reaction and 2) enhancing the antigen-antibody reaction (Fig. 2). To optimize the preparatory steps, the protein blocking
time was reduced from 15 min to approximately 1 min without affecting the sensitivity and specificity of the antibodies used in this
panel. Additionally, reducing the washing time between cycles to 1 min did not compromise sensitivity and specificity. Furthermore,
AMEC, instead of AEC, was used for the chromogenic reaction, which has a 5-10 times higher sensitivity and reduced time.

For the enhancement of antigen-antibody reactions, the reaction at 37 °C, which was reported for standard IHC [8], was adopted for
our multiplex staining protocol. The reaction time and antibody concentration for the primary and secondary antibodies were opti-
mized for the antigen-antibody reaction at 37 °C (Table 1). The reaction time, which was 30 min at room temperature, was reduced to
10-15 min (Fig. 2 and Table 1). Since 37°C-based secondary antibody reaction for detection of anti-PD-L1 (E1L3N) and anti-CD68
(PG-M1) antibodies did not show improved sensitivities compared with that based at room temperature, the conventional protocol
of 30 min at room temperature was adopted (Table 1). These optimizations enabled the entire 6-plex multiplex IHC process to be
completed at 5 h and 49 min (Fig. 2).

4.1. Rapid and conventional multiplex IHC provide equivalent results in visualization and quantification

The rapid and conventional methods were compared using adjacent sections of human palatine tonsil tissue. Both methods showed
equivalent staining intensities and specificities for CD68, PD-L1, CD45, CD3, and pCK (Fig. 3A-C). To quantitatively validate this
result, we extracted 10 ROIs of 2 mm? from the whole tissue and compared both methods using image cytometry, which is flow
cytometry in images (Fig. 4A and B). Both methods showed significant correlations with CD68, PD-L1, CD45, CD3, and pCK ex-
pressions (Fig. 4C-G and Supplementary Fig. 1 A-D). Importantly, T cells, tumor cells, and macrophages identified by both methods
exhibited identical distributions (Fig. 4H and I). These findings indicate that the rapid procedure provides equivalent results in terms of
visualization and quantification, contributing to the accelerated evaluation of the immunological properties of the tissue.

4.2. Rapid multiplex IHC demonstrates the immunological characteristics of head and neck cancer specimens

Next, we evaluated the TiME using rapid multiplex IHC (Fig. 5A). We applied the rapid protocol to analyze immune-related
characteristics of three patients with head and neck squamous cell carcinoma with different clinical outcomes (Fig. 5B-D). An
immune-excluded phenotype with low immune cell infiltration was observed in case #1 (Fig. 5B), a high T cell fraction and density was
observed in case #2 (Fig. 5C), and a predominant macrophage population was noted for case #3 (Fig. 5D), demonstrating the inter-
patient heterogeneity of the TiME, including cellular composition, cell density, and cell distribution. Quantitative single-cell analysis
enabled the evaluation of PD-L1 expression as tumor proportional score (TPS) and combined positive score (CPS) (Fig. 5B-D and
Supplementary Fig. 2A-C and 3). These results demonstrate that rapid multiplex IHC can rapidly assess the distribution, composition,
and density of intratumoral cellular components.

5. Discussion

In this study, a rapid multiplex IHC assay was developed that could assess immune characteristics comparable to a conventional
multiplex IHC protocol lasting 6 h. Although numerous studies have demonstrated that TiME characteristics are associated with
treatment sensitivity and resistance, there is a gap between research-based discoveries and the development of a clinically applicable
biomarker platform in a time- and cost-efficient manner.

The technical advancement in this work is focused on enhancing the antigen-antibody reaction at 37 °C together with optimization
of the preparatory steps (Fig. 2). To address potential concerns including tissue damage, degradation, and loss of sensitivity in per-
forming iterative IHC at 37 °C, we have verified that both conventional and rapid multiplex IHC method exhibited comparative
visualization and quantification with preserved tissue integrity (Fig. 3). The challenge with this method is that it requires the opti-
mization of appropriate conditions at 37 °C for each antibody; however, this also contributes to the flexibility of customizing the
antibody panel according to the purpose and target.

Strategies to individualize treatment based on tumor-immune characteristics have been developed for many types of cancer. As a
pioneering example, head and neck cancer can now be staged and treated according to the HPV status or PD-L1 scores by IHC [14,15].
Since it has been theorized that the immunological properties of the tissue are associated with the therapeutic advantages of
immunotherapy as well as chemo- and molecular-targeted therapy, it is necessary to develop tissue-based biomarkers in addition to the
currently available biomarkers. After a series of procedures over 6 h, our rapid multiplex IHC could serve as a link between academic
research and clinical practice, increasing accessibility, and making it feasible to investigate TiME-based biomarkers within a thera-
peutically reasonable timeframe. The incorporation of biomarkers identified in future TiME studies into a rapid multiplex IHC panel
may allow the identification of patients who are likely to benefit from immunotherapy or targeted therapy, including neoadjuvant
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therapy and recurrence/metastasis treatment.

The spatial architecture of the immune microenvironment orchestrates tumor immunity and therapeutic responses. Spatial multi-
omics analyses revealed the transcriptomes, proteomes, and metabolomes of the TiME in several types of cancers [16-19]. More
recently, a seminal study applied deep learning to digital pathology data to explore the interrelations between the TiME and gene
mutations in lung cancer [20]. Spatial information has been shown to be related to the clinical prognosis and prediction of TiME, but
there is difficulty in TiME research due to the conflict between diversity and whole-tissue analysis. The integration of genetic or
transcriptomic information with tissue images provides detailed spatial information; however, the range of analysis is limited. In
contrast, multiplex IHC can perform whole tissue analysis and evaluate the spatial relationship of TiME by revealing the distribution of
different cellular phenotypes within a single section. The integration of this rapid multiplex IHC platform with various analytical
methods currently under development will contribute to a better spatial understanding of cancer tissues and improve accuracy in
monitoring and predicting treatment efficacy.

One of the limitations of this study is that the research was performed only on head and neck tissues. Extending this method to other
cancer types could broaden its potential applicability in clinical practice. Furthermore, this study was limited to the methodological
development, and its utility as a biomarker platform has not yet been validated in the prospective clinical setting. Based on the
development of rapid multiplex IHC, predicting therapeutic outcomes, including the effectiveness of immunotherapeutic biomarkers
may become feasible by permitting the simultaneous assessment of diagnostic biopsies and the immunological features of cancer
tissues, such as the quantity, composition, spatial distribution of immune infiltrates, and clinically applicable PD-L1 scores. This would
represent a significant advancement in personalized medicine, allowing for more tailored and effective treatment strategies for pa-
tients with malignancies. Taken together, future research should focus on validating this method across various cancer types and in
prospective clinical trials to establish its utility as a robust biomarker platform.

In conclusion, a 6-marker rapid multiplex IHC procedure was developed by reducing the number of markers and optimizing the
reaction temperature. This method was visually and quantitatively compared and validated with previously established standard
techniques and was shown to be capable of analyzing the composition, characteristics, and distribution of immune cells in a short time.
Rapid spatial and quantitative assessments of TiME have contributed to the development of novel diagnostic modalities and precision
medicine based on tissue profiles.
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