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Abstract

Multiplex immunohistochemistry/multiplex immunofluorescence (mIHC/mIF) enables the simultaneous detection of multi-
ple markers in a single tissue section by visualizing the markers in different colors. Currently, tyramide signal amplification
(TSA) is the most commonly used method because it is heat resistant to multiplexing. SPiDER-pGal (6'-(diethylamino)-
4'-(fluoromethyl)spiro[isobenzofuran-1(3H),9’-[9H]xanthen]-3'-yl B-p-galactopyranoside), a novel fluorogenic substrate of
B-galactosidase (p-gal) was reported recently. Its properties are favorable for application in sensitive mIF based on quinone
methide chemistry. Combining SPiDER-BGal with its related substrates, a novel, sensitive fluorescent IHC method for
formalin-fixed paraffin-embedded (FFPE) sections was developed, named the galactosidase-catalyzed fluorescence amplifi-
cation method (GAFAM). Evaluation of GAFAM indicated the following characteristics: (1) the entire GAFAM procedure
was complete within a few hours; (2) the optimal working concentration of the substrates was 20 pM; (3) the fluorescent
product was heat resistant; (4) the GAFAM exhibited sensitivity comparable with that of TSA, which was higher than that
of conventional IF; and (5) the GAFAM was applicable to mIF and multispectral imaging. GAFAM is expected to be appli-
cable to IF (or mIF in combination with TSA), and is a promising tool for facilitating morphological research in various
fields of life science.

Keywords Immunohistochemistry - 3-Galactosidase - Quinone methide - Tyramide signal amplification (TSA) - Catalyzed
reporter deposition (CARD) - Multispectral imaging

Introduction

Immunohistochemistry (IHC) and immunofluorescence
(IF) are essential techniques in the life sciences (Eyzagu-
irre and Haque 2008; Teixid6 et al. 2018; Sukswai and
Khoury 2019; Cimino-Mathews 2021; Pratapa et al. 2021).
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Multiplex IHC/multiplex IF (mIHC/mIF) allows simulta-
neous detection of multiple markers (Stack et al. 2014; Tan
et al. 2020; Viratham Pulsawatdi et al. 2020). Tyramide
signal amplification (TSA), also known as the catalyzed
reporter deposition system (CARD), is the most common
multiplexing method. TSA involves the activation of the
tyramide radical by horseradish peroxidase (HRP) in the
presence of hydrogen peroxide to form covalent bonds
with aromatic amines such as tyrosine or tryptophan resi-
dues in peptide chains, thereby achieving high sensitivity
and heat resistance (Bobrow et al. 1989; Speel et al. 1997).
However, the TSA method using HRP has the following
disadvantages: (1) endogenous peroxidase activity causes
nonspecific background signals, (2) background quenching
using hydrogen peroxide has detrimental effects on some
epitopes, and (3) the antibody denaturation step (mainly
heating) inhibits cross-reaction during each multiplex
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staining cycle, causing undesired sample damage and loss
of the target antigenicity.

p-Galactosidase (p-gal) is a glycoside hydrolase that
cleaves the f1,4-linked terminal galactose residues of
p-galactosides. This enzyme is extensively used in various
reporter systems, including as LacZ-containing plasmids
in molecular biology (Price et al. 1987; Mohler and Blau
1996), markers for aged cells with senescence-associated
B-gal (SA-pB-gal) (Dimri et al. 1995; Sugizaki et al. 2017),
and labeling enzymes in enzyme-linked immunosorbent
assays (ELISA) and chromogenic IHC (Bondi et al. 1982;
van der Loos et al. 1993; van der Loos 2010). p-gal is com-
monly coupled with chromogenic or fluorogenic substrates
(Debacq-Chainiaux et al. 2009).

Recently, 6'-(Diethylamino)-4'-(fluoromethyl)
spiro[isobenzofuran-1(3H),9'-[9H]xanthen]-3'-yl B-p-
galactopyranoside (SPiDER-PGal), a pB-gal substrate
that emits yellow fluorescence, was used to detect
LacZ-expressing cells (Doura et al. 2016). Addition-
ally, SPiDER-BGal has been used for the SA-f-gal assay
(Sugizaki et al. 2017) and intraoperative imaging to detect
living cancer cells (Nakamura et al. 2017). The catalytic
cascade of SPiDER-BGal generates a highly fluores-
cent product via the following reactions: (1) hydrolysis
of the B-galactosyl group of SPiDER-BGal by f-gal, (2)
quinone methide intermediate generation by the loss of
fluoride, (3) covalent immobilization of quinone methide
on proteins in the proximity of -gal with nucleophiles
(e.g., amine or thiol group), and (4) emission of strong
fluorescence owing to the formation of fluorescent rho-
dol derivatives (Fig. l1a). Other novel fluorogenic p-gal
substrates include two coumarin derivatives, 4-methyl-
8-fluoromethylumbelliferyl-p-p-7-galactopyranoside
(MUGF) and its analog MUGF3 (the detailed structure is
proprietary). Their reaction mechanisms are based on qui-
none methide chemistry, similar to that of SPiDER-BGal.
MUGTF has recently been reported as a substrate with sen-
sitive fluorogenicity in immunocytochemistry (ICC) for
living cells (Noguchi et al. 2020). This ICC was developed
as a qualitative method for antigen detection; however, it
is not suitable for assessing antigen localization.

Conventional fluorescent probes, such as fluorochrome-
conjugated tyramides, constantly emit fluorescent signals,
causing high background signals without harsh washout
steps. However, activatable substrates such as SPiDER-PGal
can circumvent this problem. Additionally, the fluorescence
of SPiDER-BGal is expected to have heat resistance derived
from covalent bonds, similar to that of TSA, and may be
applicable to mIF. Although activatable and covalent-bind-
ing substrates for IF on formalin-fixed paraffin-embedded
(FFPE) samples have been explored, there is no published
literature on the application of B-gal substrates for this
purpose.
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In this study, a novel, sensitive fluorescent IHC method
using fluorogenic (-gal substrates that is applicable to FFPE
tissue sections is developed. The principle of this signal
amplification system, which is named the galactosidase-
catalyzed fluorescence amplification method (GAFAM), is
illustrated in Fig. 1b. The method is optimized for mIF and
expanded to multispectral imaging.

Materials and methods
Antibodies

The antibodies used in this study are listed in Table 1. All
antibodies were diluted using 1% bovine serum albumin
(001-000-161; Jackson ImmunoResearch, West Grove, PA,
USA) dissolved in Tris-buffered saline (TBS, 50 mM, pH
7.4; Takara Bio, Kyoto, Japan).

Fluorogenic substrates of B-gal
and fluorochrome-conjugated tyramides for TSA

SPiDER-pGal (SG02) was purchased from Dojindo Labo-
ratories (Kumamoto, Japan). MUGF and MUGF3 were pro-
vided by Dr. Takashi Shimomura (Dojindo Laboratories).
The excitation/emission wavelengths of the fluorescent prod-
ucts were determined as follows: 350/450 nm for MUGTF,
400/450 nm for MUGF3, and 525/560 nm for SPiDER-
BGal (Doura et al. 2016; Noguchi et al. 2020). The p-gal
substrates were diluted in phosphate-buffered saline (PBS,
10 mM, pH 7.4) containing 10 mM of MgCl,.

Cy3- and Cy5-conjugated tyramides (Cy3-tyramide,
11065; Cy5-tyramide, 11066) were purchased from AAT
Bioquest (Sunnyvale, CA, USA). Other fluorochromes,
7-amino-4-methyl-3-coumarinacetic acid N-succinimidyl
ester (AMCA, 08450; Sigma-Aldrich, Darmstadt, Germany),
7-(diethylamino) coumarin-3-carboxylic acid N-succinimi-
dyl ester (DEAC, D5799; TCI Chemicals, Tokyo, Japan),
and 5/6-carboxyfluorescein N-succinimidyl ester (fluores-
cein, 46410; Thermo Fisher, Waltham, MA, USA), were
conjugated with tyramide, according to a procedure reported
in literature (Hopman et al. 1998; Clutter et al. 2010). Flu-
orochrome-conjugated tyramides were diluted to 2.5 pM
(1:200-1:500, depending on the molecular weight) in PBS
containing 0.0015% hydrogen peroxide.

Imaging equipment and software

Sample slides were imaged using a BX63 fluorescence
microscope (Olympus, Tokyo, Japan) with a DP80
dual charge-coupled device (CCD) camera (Olympus,
1360 x 1024 pixels) in the 24-bit RGB color or 14-bit gray-
scale mode. The objective lenses were Uplan Super Apo,
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Fig. 1 Catalytic cascade

of SPiDER-PGal and the
principle of GAFAM staining.
SPiDER-PGal is hydrolyzed by
f-galactosidase and generates
a fluorogenic quinone methide
intermediate. The quinone
methide reacts with the nucleo-
phile surrounding the reaction
site and is covalently immobi-
lized, emitting yellow fluores-
cence (a). The antigen X in the
cell or tissue structure is labeled
with f3-gal by the antigen X
and secondary antibodies. The
enzyme catalyzes the substrate
to the fluorogenic quinone
methide. The fluorescence
signal is localized on antigen
X and amplified, owing to the
accumulation of the catalytic
product on and near the antigen
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10%, numerical aperture (N.A.) 0.4, and 20%x, N.A. 0.75 Multispectral images were visualized using a Mantra
(Olympus). The fluorescence filters (Semrock, Lake For-  multispectral imaging system with a scientific microscope
est, IL, USA) are summarized in Table 2. All IF images, with a 12-bit multispectral CCD camera [1392 x 1040
except multispectral images, were captured and compos-  pixels] (Akoya Biosciences, Menlo Park, CA, USA) and

ited using CellSens Dimension imaging software (version  spectral unmixing was performed using the inForm soft-

2.3, Olympus).

ware, which generated single-color (12-bit grayscale)
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Table 1 Antibodies used in this study

Primary antibody against ~ Clone Host  Isotype Dilution Vendor; product number RRID

a-SMA 1A4 Mouse IgG2a 1:400 (0.18 pg/mL)  Agilent (Santa Clara, CA, USA); AB_2223500
MO851

CD45 2B11+PD7/26 Mouse IgGl 1:200 (1 pg/mL) Agilent; M0701 AB_2314143

CK Polyclonal Rabbit IgG 1:200 Agilent; Z0622 AB_2650434

CD31 EP78 Rabbit IgG 1:100 Cell Marque (Rocklin, CA, AB_2893013
USA); 131R-25

Ki-67 MIB-1 Mouse IgGl 1:200 (0.23 pg/mL)  Agilent; M7240 AB_2142367

(isotype control) DAK-GO1 Mouse IgGl Same as the primary Agilent; X0931 AB_2889134

(isotype control) DAK-GOS5 Mouse IgG2a Same as the primary Agilent; X0943 AB_2889133

(isotype control) Polyclonal Rabbit IgG Same as the primary Vector Labs. (Burlingame, CA,  AB_2336355
USA); I-1000

Secondary antibody against Clone Host  Isotype Label Dilution Vendor; product number RRID

Mouse IgG (H+L) Polyclonal Goat  IgG B-gal  1:500 (2 pg/mL) Abcam (Cambridge, UK); AB_2888623
ab136775

Rabbit IgG (H+L) Polyclonal Goat  IgG HRP  1:400 (2 pg/mL) Jackson ImmunoResearch (West AB_2307391
Grove, PA, USA); 111-035-144

Mouse IgG (H+L) Polyclonal Goat IgG DL405 1:750 (2 pg/mL) Jackson ImmunoResearch; 115-  AB_2338796
475-146

Mouse IgG (H+L) Polyclonal Goat  IgG AF488 1:750 (2 pg/mL) Jackson ImmunoResearch; 115-  AB_2307324
545-146

Mouse IgG (H+L) Polyclonal Goat  IgG AF555 1:1000 (2 pg/mL) Thermo Fisher (Waltham, MA, AB_141780

USA); A-21424

a-SMA o-smooth muscle actin, /gG immunoglobulin G, CD cluster of differentiation, CK cytokeratin, f-gal B-galactosidase from Escheri-

chia coli., HRP horseradish peroxidase, DL DyLight, AF’ Alexa Fluor

Table 2 Fluorescence filters and dichroic mirrors used in this study

Filter set Excitation wavelength/ Emission wavelength/ Dichroic cut-off wave- Corresponding substrates or fluorochromes
bandwidth bandwidth length

DAPI 350/50 nm 460/50 nm 400 nm DAPI, MUGF, AMCA, DL405

AQUA 438/24 nm 483/32 nm 458 nm MUGF3, DEAC

GREEN 494/20 nm 527/20 nm 506 nm Fluorescein, AF488

GOLD 534/20 nm 572/28 nm 552 nm SPiDER-pGal

ORANGE 543/22 nm 586/20 nm 562 nm Cy3, AF555

Cy5 628/40 nm 692/40 nm 660 nm Cy5

DL DyLight, AF Alexa Fluor

and multicolor (merged) images (version 2.46, Akoya
Biosciences).

Image analysis and adjustment were performed using
Fiji distribution of ImageJ, version 1.53c (https://imagej.
nih.gov/ij/). Fluorescence intensity was measured using
14-bit grayscale images. Images were normalized and
converted to 8-bit grayscale or 24-bit RGB color for pho-
tomicrographs. The brightness and contrast of the images
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were adjusted using the same conditions for a series of
images.

Tissue preparation
Human tonsil and duodenum tissues were obtained as

postsurgical specimens at Kyoto University Hospital. This
study was conducted after all diagnostic procedures were


https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/

Histochemistry and Cell Biology

completed. Written informed consent was obtained from all
patients before tissue collection. The Ethics Committee of
Kyoto University Graduate School and Faculty of Medicine
approved this study following the Declaration of Helsinki.
All tissue samples were anonymized, fixed in 10% neutral-
buffered formalin at 25°C for 24 h, and embedded in par-
affin. Each FFPE block was cut into 4-pm thick sections,
mounted on silane-coated glass slides (Matsunami Glass,
Osaka, Japan), and baked at 60°C for 1 h.

General staining procedure

Deparaffinization, heat-induced antigen retrieval (HIAR),
and the first iteration of antibody incubation were performed
using a BOND-RX automated immunostainer (Leica Bio-
systems, Wetzlar, Germany). Sample slides were dewaxed
using BOND dewax solution (AR9222; Leica Biosystems)
at 72°C and then rehydrated using pathology-grade alcohol.
HIAR was performed in BOND epitope retrieval solution
2 (AR9640; Leica Biosystems) at 100°C for 20 min. After
washing in BOND washing solution (AR9590; Leica Bio-
systems), the sections were incubated with diluted primary
antibody for 60 min, followed by 30 min of incubation with
diluted p-gal-, HRP-, or fluorochrome-labeled secondary
antibody. The sections were then removed from the immu-
nostainer, immersed in PBS, and subsequent staining was
performed manually. Additionally, the appropriate staining
controls (isotype-matched immunoglobulins or antibody
diluents) were incubated under the same conditions. Fluo-
romount-G anti-fade (0100-35; Southern Biotechnology,
Birmingham, AL, USA) was used as a mountant, unless
otherwise stated. The pH of the mountant was approximately
8.5, according to the manufacturer’s specifications.

Determination of the optimal staining
concentration of B-gal substrates for GAFAM

Serial tonsil sections were incubated with different concen-
trations of SPiDER-BGal for 30 min. Lymphoid follicles,
positive for Ki-67 in each section, were captured under the
same conditions. Three Ki-67 positive regions and three
Ki-67 negative regions were arbitrarily selected from the
respective images of lymphoid follicles, and the fluorescence
intensity (gray values) was measured using the ROI Man-
ager of Imagel. The average gray values per pixel for the
three regions were defined as the mean fluorescence inten-
sity (MFI). The optimal concentration of SPIDER-Gal was
determined from the MFI of Ki-67-positive regions and the
signal to background (S/B) ratio, as well as the image qual-
ity of the photomicrographs (e.g., image clarity and signal
saturation).

Stability of fluorescence of B-gal substrates

Duodenum sections were stained for anti-a-smooth muscle
actin (a-SMA) using MUGF, MUGF3, and SPiDER-fGal
(20 pM) according to the general staining procedure, and
the fluorescence intensity was measured. After removing the
coverslips, the sections were subjected to the denaturation
step by heating in citrate—citric acid buffer (CB, 10 mM,
pH 6) at 95°C for 20 min using a domestic electric cooker
(SR-P37; Panasonic, Osaka, Japan). The sections were then
cooled at 25°C for 20 min, followed by imaging. A total of
six cycles of the heating—cooling step were repeated in one
section, and the respective fluorescence intensity was meas-
ured. Subsequently, the background value was subtracted
from the fluorescence intensity to calculate the signal inten-
sity relative to the control (i.e., before the first heating step).

Additionally, the signal intensity was evaluated for iden-
tical sections mounted with 50% glycerol solutions under
different pH conditions of 6, 7.4, and 8.5.

Comparison of sensitivity between B-gal substrates,
TSA, and conventional IF

Anti-a-SMA antibodies were used as the primary antibody
at different dilutions. HRP-labeled goat anti-mouse immu-
noglobulin G (IgG) was used for TSA under the same con-
ditions as the p-gal-labeled secondary antibody. For TSA
detection, AMCA, DEAC, fluorescein, and Cy3-tyramide
were incubated with the sections for 10 min. Additionally,
conventional IF stained with DyLight (DL) 405-, Alexa
Fluor (AF) 488-, and AF555-labeled goat anti-mouse IgG
was compared with those of GAFAM and TSA. After imag-
ing with the corresponding filter sets under the same condi-
tions, the signal intensity of each [-gal substrate was com-
pared with that of fluorochromes with similar wavelength
characteristics: AMCA and DL405 for MUGF; DEAC for
MUGF3; AF488, fluorescein, and Cy3 for SPiDER-BGal.
Chromogenic detection of B-gal was performed using an
X-Gal substrate kit (5520-0022; Sera Care, Milford, MA,
USA), according to the manufacturer’s protocol.

Application of GAFAM to multiplex
IF and multispectral imaging

Simultaneous double IF for cluster of differentiation 45
(CD45) and cytokeratin (CK) was performed using a cock-
tail of primary antibodies on the tonsil sections. Sections
were treated according to the general procedure with a
secondary antibody cocktail of B-gal-goat anti-mouse
and HRP-goat anti-rabbit IgG. CD45 was visualized
by GAFAM with SPiDER-BGal, and CK by Cy5-TSA.

@ Springer
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Sequential double IF by GAFAM for CD45 and a-SMA
was performed on the duodenum sections by repeating the
general staining procedure twice. To quench enzyme and
antibody activity after the first round, the sections were
denatured by heating in CB immediately before the second
round at 95°C for 20 min followed by cooling at 25°C
for 20 min. CD45 was visualized by SPiDER-BGal and
a-SMA by MUGF3. Quadruple IF for a-SMA, CK, CD45,

Pretreatment

$
Primary Antibody

‘g

-gal Secondary Antibody/Enzyme
Antibody denaturation

‘ 4
B-gal Substrate

4

Counterstain
(optional)

4

Mounting

Fig.2 Flowchart of GAFAM staining procedure. For single staining,
the steps in the left column are performed once. For sequential mul-
tiple staining, a denaturation step by heating is performed after sub-
strate reaction according to the steps in the right column, and subse-
quently the steps in the left column are repeated. Multiple staining is
possible by repeating this cycle while changing the substrate

Fig.3 Optimal conditions for
SPiDER-PGal in GAFAM. The
bar graph shows the mean sig-
nal (white bars) and background
(black bars) fluorescence
intensity of Ki-67 at different
SPiDER-PGal concentrations,
and the line chart of the signal-
to-background ratio (a). Rep-
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and CD31 was performed by two sequential rounds of
simultaneous double IF. As the primary antibody, a cock-
tail of mouse anti-a-SMA and rabbit anti-CK was used for
the first round, and mouse anti-CD45 and rabbit anti-CD31
for the second round. The secondary antibody cocktail
was similar to that used for the simultaneous double IF.
Heating in CB was performed between the two rounds, as
described above. CD45 was visualized by SPiDER-fGal,
a-SMA by MUGF3, CD31 by fluorescein-TSA, and CK
by Cy3-TSA. Finally, the sections were counterstained
with 0.5 pg/mL of 4’,6-diamidino-2-phenylindole dihy-
drochloride (DAPI, D9542; Sigma-Aldrich). The mounted
sections were imaged using a BX63 conventional fluores-
cence microscope and spectral unmixing was performed
using a Mantra multispectral imaging system. A simple
flowchart of the GAFAM staining with denaturation step
is shown in Fig. 2.

Results
The optimal concentration of B-gal substrates

The optimal working concentration of SPiDER-BGal was
determined to be representative of [3-gal substrates. Ki-67
staining of serial sections of tonsil FFPE tissue was used.
Based on the evaluation of the captured images, Ki-67 stain-
ing of FFPE tonsil sections by GAFAM with SPiDER-pGal
was successful. Ki-67 staining by GAFAM with SPiDER-
BGal showed that Ki-67 positivity and morphological clar-
ity in nuclei increased with concentration, and the best
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balance was achieved at a concentration of 20 pM (Fig.
S1). The MFI of the signal and background (indicated by
white and black bars in Fig. 3a) intensified as the concen-
tration of SPiDER-fGal increased. Notably, the S/B ratio
increased with concentration and plateaued above 20 pM
(line chart in Fig. 3a). The nuclear detail in the image was
lost at concentrations above 30 pM owing to signal satura-
tion for the majority of the nuclei (Fig. 3b). Based on these
results, 20 pM was selected as the optimal concentration of
all p-gal substrates.

Stability of the fluorescence of B-gal substrates

As a cytoplasmic marker, a-SMA was detected in smooth
muscle cells, which are mainly present in the blood ves-
sels. The relative signal intensity of MUGF and SPiDER-
fGal was maintained at 60%, even after six heating
cycles (Fig. 4a, c). The relative fluorescence intensity of
MUGF3 was reduced to 60% after the third cycle and to
40% after the sixth cycle (Fig. 4b), although the initial
intensity was three to tenfold higher than that of MUGF
and SPiDER-PGal, based on exposure time. These results
suggest that the three [3-gal substrates can be used for mIF
with heating.

The fluorescence intensity of all f-gal substrates was
reversibly altered in response to variations in pH. The fluo-
rescence intensity of MUGF increased threefold at pH 8.5
compared with that at pH 6 (Fig. 5a). However, the inten-
sity at pH 6 was too low to be distinguished from the back-
ground. In contrast, MUGF3 and SPiDER-BGal showed
similar stable fluorescence at the three pH values (Fig. 5b,
¢), but exhibited slightly reduced signals at pH 8.5.

Comparison of the sensitivity between GAFAM, TSA,
and conventional IF

The staining sensitivity of p-gal substrates in GAFAM was
compared with TSA, conventional IF, and a chromogenic
[-gal substrate in the duodenum section (Fig. S2). The fluo-
rescence intensities of MUGF3 and SPiDER-BGal were
stronger than that of TSA (Figs. 6¢c-h), although the inten-
sity of MUGF was weaker than that of AMCA-TSA with
the primary antibody at 1:400 (Fig. 6a, b). The fluorescence
intensity of conventional IF for AF488 (Fig. 6i; primary
antibody dilution 1:400, exposure 350 ms) was similar to
SPiDER-BGal with fivefold diluted primary antibody and
1/10 exposure duration (Fig. 6f; primary antibody dilution
1:2000, exposure 35 ms). Therefore, it was concluded that
the sensitivity of GAFAM was equal to or greater than that
of TSA, which is dozens-fold more sensitive than conven-
tional IF.

Application of GAFAM to miF in combination
with TSA, including multispectral imaging

The expression of CD45 and CK in tissue components is
mutually exclusive, because the former is a hematopoietic
marker that is mainly expressed on the cell membrane, and
the latter is an epithelial marker present in the cytoplasm.
During the simultaneous double IF of CD45 and CK, these
two markers separated lymphocytes and epithelium in the
tonsil (Fig. 7a—c). Similarly, CD45 and SMA, which are
expressed in a mutually exclusive manner, were clearly dis-
tinguished by sequential double IF (Fig. 7d—g). CD45 sig-
nals were localized to the cell membrane and a-SMA to the
cytoplasm (Fig. 7g). Fluorescence was clearly detected in the
quadruple IF of a-SMA, CK, CD45, and CD31 (Fig. 7h-s).
However, spectral cross-talk was observed in the CK and
CD45 channels captured by a conventional fluorescence
microscope (Fig. 7i, j; see white asterisks). In the merged
images from the conventional microscope, the spectral cross-
talk of CK (yellow pseudocolor) and CD31 (green pseudoc-
olor) was bright whitish-yellow (mixed color of yellow and
green indicated by the white arrows in Fig. 7m). However,
spectral cross-talk was not detected in any of the channels
generated by spectral unmixing (Fig. 7h—s). These results
suggest that the fluorescence wavelength of SPIDER-fGal is
similar to that of Cy3 and fluorescein, and the conventional
fluorescence microscope could therefore not achieve suffi-
cient separation. Furthermore, multispectral imaging was
useful for the application of GAFAM to mlF. In the control
experiments, autofluorescence was detected in some chan-
nels; however, nonspecific fluorescence originating from the
detection system was not observed (Fig. S3).

Discussion

Thus far, no studies have focused on the application of
fluorogenic f-gal substrates in IF using FFPE sections. In
this study, a novel fluorescence IHC method was developed
and evaluated using pB-gal as a reporter enzyme, named
GAFAM, which was applicable to FFPE samples. GAFAM
can be performed in routine procedures (manually or auto-
matically), similar to conventional IF or TSA. It exhibited
high sensitivity, comparable to that of TSA, and superior
to that of conventional IF. Furthermore, it is suitable for
multiplex IF and multispectral imaging.

Three novel fluorogenic f-gal substrates, MUGF,
MUGF3, and SPiDER-BGal, were used for GAFAM opti-
mization. The developed protocol indicated that the optimal
substrate concentration was 20 pM, and sufficient fluores-
cence was emitted within 30 min at 25°C. These conditions
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«Fig. 4 Stability of the (-gal substrates after repeated heating steps.
Photomicrographs of duodenum sections after repeated heating,
stained with anti-a-SMA using GAFAM with MUGF (a), MUGF3
(b), and SPiDER-PGal (c). To align the appearance of the ini-
tial brightness, the exposure time was adjusted as follows: MUGF
for 100 ms, MUGF3 for 10 ms, and SPiDER-BGal for 30 ms. The
numeral in each image indicates the number of heating cycles. Each
control image is labeled “ctrl.” The bar graphs (d) show the change in
relative signal intensity as a function of the initial brightness (that is,
before the first heating step). Scale bars: 200 pm

were suitable for routine staining, which corresponds with
previous reports (Doura et al. 2016; Nakamura et al. 2017).
The substrate concentration may be further reduced by
extending the incubation time or increasing the temperature,
similar to other enzyme substrates.

Fluorescence stability after heat denaturation of the anti-
body and labeling enzyme is essential for mIF. Although
various denaturation methods have been reported for multi-
plexing (Glass et al. 2009; Ikeda et al. 2011; Nakane 1968;
van den Brand et al. 2014), heating is the most effective
method. The fluorescence quality of the -gal substrates was
assessed after repeated heating—cooling cycles. MUGF and
SPiDER-BGal maintained a practical fluorescence intensity
after six cycles, indicating the compatibility of mIF staining
with TSA. MUGEF3 fluorescence was more heat labile than
that of the other two compounds. However, MUGF3 could
be applied to heat denaturation by adjusting the imaging
conditions because its initial brightness was higher than that
of the other two [3-gal substrates. These results indicated that
the three pB-gal substrates are theoretically applicable to at
least seven-plex mlIF.

Fluorochromes containing free hydroxyl groups, such
as fluorescein and 7-hydroxycoumarin (umbelliferone), are
known for their pH-dependent fluorescence (Fink and Koe-
hler 1970; Martin and Lindqvist 1975). These fluorophores
deprotonate to form anions in solution, which are more basic
than the pKa value and emit fluorescence. The pKa value
of the MUGEF fluorescent product was 7.7 (Noguchi et al.
2020). Thus, the MUGF product was presumably deproto-
nated at pH 8.5 and emitted strong fluorescence (Fig. 5a).
However, the signal intensity of MUGF3 and SPiDER-pGal
was approximately 20% weaker at a pH of 8.5 than at pH
6 (Fig. 5b, c). Doura et al. described the pH dependence
of the SPiDER-BGal absorption and fluorescence spectra.
The fluorescence intensity was pH dependent and constant
at approximately pH 6-10. Under acidic conditions, a new
peak appeared in the short-wavelength region (Doura et al.
2016).Thus, when the fluorescence intensity is sufficiently
high, even under acidic conditions, stronger fluorescence
may be detected than under alkaline conditions, depend-
ing on the characteristics of the applied filter. The fluores-
cence spectrum of MUGF3 may also change in a similar

pH-dependent manner, although the detailed structure has
not been clarified thus far. Therefore, the pH of the mount-
ant may have changed the fluorescence intensity of the three
[-gal substrates. When the sections stained with p-gal sub-
strates were mounted with Fluoromount-G and maintained
at 4°C or —20°C for 1 week, no apparent difference in the
fluorescence intensity was observed with storage tempera-
ture (data not shown).

GAFAM has the following advantages over TSA and
conventional IF: (1) GAFAM has a sensitivity equivalent to
TSA and higher than that of conventional IF. Additionally,
GAFAM is not time-intensive. Conventional IF generally
requires time-consuming protocols (e.g., overnight incuba-
tion for primary antibodies), whereas the developed GAFAM
protocol is highly sensitive, allowing for shorter antibody
incubation and improved results. Consequently, the entire
process is completed within a few hours, especially because
of the reduced incubation period of primary antibodies. (2)
Blue fluorochromes emit fluorescence with a relatively low
initial brightness, even second-generation fluorochromes
such as DyLight dyes. It is difficult to distinguish the signal
of a blue fluorescent probe from tissue components with
strong blue autofluorescence, such as collagen and elastin,
by conventional IF (Deal et al. 2018). GAFAM using MUGF
and MUGF3 is as sensitive as TSA; therefore, it is expected
to circumvent the blue fluorescence problem in IF. (3) The
lack of quenching of endogenous enzymatic activity is a
significant advantage of GAFAM over TSA, because hydro-
gen peroxide used to quench endogenous peroxidase activ-
ity in TSA causes irreversible damage to certain antigenic
determinants (Bussolati and Radulescu 2011). Endogenous
B-gal activity is negligible in FFPE sections because it is
completely inactivated at 58—60°C under standard paraffin
embedding conditions (Bondi et al. 1982).

This study aimed to demonstrate that GAFAM could be
applied to mIF. Thus, the performance of GAFAM was eval-
uated compared with mIF using double and quadruple IF.
For simultaneous double IHC, primary antibodies derived
from two different species and their corresponding second-
ary antibodies labeled with different enzymes are commonly
used to avoid cross-reactions between two targets (van der
Loos et al. 1993). This simultaneous staining methodology
was applied to GAFAM, and the successful visualization of
primary antibodies in mice and rabbits was achieved using
GAFAM and TSA, respectively. Subsequently, quadruple IF
was achieved by repeating the simultaneous double IF twice.
One heating step was required between the two processes
to inactivate the antibody and labeling enzyme during the
first iteration. Typically, quadruple IF requires three heating
steps; however, repeating simultaneous double IF reduces
morphological damage and antigenic inactivation caused by
frequent heating.
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Fig.6 The sensitivity of GAFAM compared with TSA and conven-
tional IF. The images from GAFAM using MUGF (a), MUGEF3 (c),
and SPiDER-BGal (e, f). The images from TSA using AMCA (b),
DEAC (d), fluorescein (g), and Cy3 (h). The images from conven-
tional IF labeled with AF488 (i) and AF555 (j). To compare the sen-
sitivity of fluorophores with a similar spectral profile, each image
was captured in the following exposure duration: MUGF, AMCA,

GAFAM is a sensitive method that is comparable to
current procedures and is a promising tool for biomedical
research. However, GAFAM has some limitations. First,
its application to a conventional fluorescence microscope
is complicated because there are limited fluorescent colors
for B-gal substrates. Thus, multispectral imaging was con-
sidered. This confirms that unmixing by multispectral
imaging is applicable to fluorochromes whose fluorescence
spectra do not overlap. However, multispectral imaging did
not easily separate MUGF and DAPI, which have identical
fluorescence spectra (data not shown). Recently, another
p-gal substrate that emits red fluorescence was reported
(Tto et al. 2018). Although the substrate has not been tested
thus far, it is expected to be applicable to GAFAM. Sec-
ond, the GAFAM signal is more diffusely localized than
the TSA signal. Therefore, GAFAM is suitable for detect-
ing cytoplasmic or extracellular targets such as a-SMA.
Polymer compounds suppress the TSA signal diffusion

. MUGF3-GAFAT
X 2 :;:"".‘*‘1:

’

and DL405 for 100 ms (a, b); MUGF3 and DEAC for 20 ms (c, d);
SPiDER-PGal, fluorescein, and Cy3 for 35 ms (e-h); and AF488 and
AF555 for 350 ms (i, j) to compare with the brightness of images
captured by GAFAM and TSA. All images were applied the a-SMA
antibody at 1:400 except for image f (1:2000), and all B-gal substrates
were used at a concentration of 20 pM. Scale bars: 200 pm

(Van Gijlswijk et al. 1996). Therefore, this method may
improve GAFAM signal localization. Third, quinone meth-
ide may inhibit other labeling enzymes by reacting with
nucleophilic residues in the active enzyme region. During
mlIHC using different labeling enzymes, the enzyme prod-
uct inhibits the binding of the antibody to other antigens
in the vicinity of the reaction site (known as the “umbrella
effect”) or reacts with other reaction products to change
the color tone (van der Loos 2008; Taube et al. 2020).
Thus, the order of enzyme development under prolonged
exposure to quinone methide requires further attention.
The deposition of quinone methide on proteins is inhibited
by nucleophiles; thus, reaction buffers containing Tris base
cannot be used.

Overall, GAFAM is a powerful alternative for research
using archived FFPE samples. Multiple fluorescent stain-
ing is commonly used in various fields, and GAFAM is
applicable in the life sciences.
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«Fig. 7 Double and quadruple IF using GAFAM combined with TSA
and application to multispectral imaging. Simultaneous double IF
of CD45 and CK (a—c): grayscale images of CD45-positive lym-
phocytes labeled with SPiDER-BGal (a) and CK-positive epithelial
region with Cy5 (b); merged image from a and b, pseudocolored in
green and magenta, respectively (c). Sequential double IF of CD45
and a-SMA (d-g): grayscale images of CD45-positive lymphocytes
labeled with SPiDER-PGal (d) and a-SMA-positive smooth muscle
with MUGF3 (e); composite image from d and e, pseudocolored in
green and magenta, respectively (f). Composite image under high
magnification (g). Quadruple IF of a-SMA, CK, CD45, and CD31
labeled with MUGF3, Cy3, SPiDER-fGal, and fluorescein, respec-
tively (h—s): images captured using a BX63 conventional fluorescence
microscope (h-m) and the same area captured and performed spec-
tral unmixing using a Mantra multispectral imaging system (n-s).
Grayscale images of smooth muscle region labeled with a-SMA (h,
n), the epithelial region with CK (i, 0), lymphocytes with CD45 (j,
p), endothelia with CD31 (k, q), and nuclei with DAPI (1, r). White
asterisks shown in the CK (i) and CD45 (j) channels indicate spec-
tral overlap. Pseudocolored and merged images (m, s): in cyan for
a-SMA, yellow for CK, magenta for CD45, green for CD31, and blue
for DAPI. White arrows shown in m indicate the mixed color owing
to spectral overlaps of yellow (CK) with green (CD31) channels.
Scale bars: 200 pm for entire layout, 50 pm for (g)
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Supplementary Information

Supplementary Fig. S1 Ki-67 staining by GAFAM at different concentrations of SPiDER-

BGal. Scale bars: 50 um

Supplementary Fig. S2 The sensitivity of GAFAM compared with TSA and conventional

IF. Each row indicates the substrates for GAFAM and conjugated tyramides for TSA. The

conventional IF and X-gal chromogenic detection are shown in the bottom row. The

dilution factor of the primary antibody is indicated under each lane. Parts of this figure

were presented in Fig. 6. Scale bars: 200 um

Supplementary Fig. S3 Control study for double and quadruple IF using GAFAM

combined with TSA. Each panel shows simultaneous double IF of CD45/CK (a),

sequential double IF of CD45/a-SMA (b), quadruple IF of a-SMA/CK/CD45/CD31

under the BX63 conventional fluorescence microscope (c), and the same quadruple IF as

(b) under the Mantra multispectral imaging system (d). The primary antibody is shown in

the upper row in each panel, and the corresponding isotype-matched controls are shown

in the lower row. Parts of this figure are presented in Fig. 7. Scale bars: 200 um
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