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Abstract

In situ analysis of biomarkers is essential for clinical diagnosis and research purposes. The
increasing need to understand the molecular signature of pathologies has led to the bloom-
ing of ultrasensitive and multiplexable techniques that combine in situ hybridization (ISH)
and immunohistochemistry or immunocytochemistry (IHC or ICC). Most protocols are tai-
lored to formalin-fixed paraffin embedded (FFPE) tissue sections. However, methods to per-
form such assays on non-adherent cell samples, such as patient blood-derived PBMCs,
rare tumor samples, effusions or other body fluids, dissociated or sorted cells, are limited.
Typically, a laboratory would need to invest a significant amount of time and resources to
establish one such assay. Here, we describe a method that combines ultrasensitive RNA-
scope-ISH with ICC on cytospin cell preparations. This method allows automated, sensitive,
multiplex ISH-ICC on small numbers of non-adherent cells. We provide guidelines for both
chromogenic and fluorescent ISH/ICC combinations that can be performed either in fully
automated or in manual settings. By using a CD8+ T cells in vitro stimulation paradigm, we
demonstrate that this protocol is sensitive enough to detect subtle differences in gene
expression and compares well to commonly used methods such as RT-qPCR and flow
cytometry with the added benefit of visualization at the cellular level.

Introduction

Analysis of biomarkers, such as nucleic acids and proteins, is essential for clinical diagnostic
and basic research purposes [1]. In situ hybridization (ISH) and immunohistochemistry (IHC)
are the methods of preference to determine in situ biomarkers expression. Both techniques
offer a semi-quantitative identification of target nucleic acids or proteins, by conserving topo-
logical information of expression within cells and with respect to the surrounding structures.
This information is in fact lost with other detection methods, such as single cell RNAseq,

PLOS ONE | https://doi.org/10.1371/journal.pone.0207619  November 20, 2018

1/21


http://orcid.org/0000-0001-8475-5950
https://doi.org/10.1371/journal.pone.0207619
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207619&domain=pdf&date_stamp=2018-11-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207619&domain=pdf&date_stamp=2018-11-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207619&domain=pdf&date_stamp=2018-11-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207619&domain=pdf&date_stamp=2018-11-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207619&domain=pdf&date_stamp=2018-11-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0207619&domain=pdf&date_stamp=2018-11-20
https://doi.org/10.1371/journal.pone.0207619
http://creativecommons.org/licenses/by/4.0/

®PLOS | one

Multiplex RNAscope ISH/ICC on cytospin samples

the authors are articulated in the ‘author
contributions’ section.

Competing interests: All authors are employees of
Genentech, Inc. This does not alter our adherence
to PLOS ONE policies on sharing data and
materials.

qPCR, western blotting or flow cytometry, for which tissues must be dissociated. Other limita-
tions, especially of QPCR and western blotting are (i) the averaging of signal detection due to
usage of bulk tissues and (ii) the necessity to identify a suitable normalizer, that is often a non-
trivial issue [2].

RNA in situ hybridization (RNA ISH) has been a valuable tool for investigating mecha-
nisms of cellular pathology since the 1970s. Through prior decades, RNA ISH underwent a
series of improvements including increased safety, protocol simplification, increased robust-
ness and sensitivity [3]. Currently, multiple approaches exist to carry out RNA ISH [4, 5].
Among them, RNAscope technology excels for robustness and sensitivity. It takes advantage
of a variation of the branched DNA or “tree” amplification method: multiple tandem probes
hybridized to the target transcript are pre-amplified by an adapter, to which multiple amplifier
probes are then attached. In a final step, detection probes are bound to the amplifiers and sig-
nal is detected. RN Ascope offers several detection possibilities for both chromogenic and fluo-
rescent assays. The usage of multiple tandem probe-sets in the same assay directed to the same
target mRNA increases the chance of detecting low expressed or even partially degraded tar-
gets. This, together with the multiple amplification steps, yields unprecedented sensitivity. Fur-
ther, the pre-amplification assures increased specificity through the following amplification
steps, beyond direct probe-to-target base pairing. In fact, the pre-amplifier molecule can only
bind two probes that are associated with the target mRNA in tandem, thus dramatically reduc-
ing the chances that an off-target hybridization event lead to non-specific signal amplification.
RNAscope signal is revealed as a punctate staining, with little or no background, and previous
studies demonstrated that each punctum corresponds to one molecule of the intended target
mRNA [6, 7]. Thus, quantification of the number of puncta per cell offers a direct measure-
ment of expression of a certain target. However, for highly expressed genes, puncta can often-
times overlap and fuse, resulting in a difficult accurate numeric quantification. A solution to
this issue may be to quantify the median signal intensity (MFI) of a certain signal within a cell.
RNA ISH is a powerful tool to detect mRNA expression; nevertheless, mRNA levels not always
directly correlate with respective protein expression due to post-transcriptional regulation
mechanisms [8]. In addition to the features described above, which, in essence provide exqui-
site sensitivity, specificity and robustness, RNAscope uses relatively gentle chemistry for tissue
permeabilization as well as low temperatures, rendering the protocols uniquely suitable for fol-
lowing detection of proteins. In fact, identical buffers can be used for RNAscope ISH or epi-
tope retrieval in immunocytochemistry.

Immunohistochemistry or immunocytochemistry (ICC) allow visualization of protein anti-
gens within tissues and cells. These methods are very well established and widely used in many
fields of research [9, 10]. However, IHC and ICC performance depends heavily on the exis-
tence of an antibody that binds to the intended target with a suitably strong affinity, in addi-
tion to other factors. Despite their respective limitations, ISH and IHC remain the gold
standards for in situ analysis of biomarkers. Combination of those methods can overcome the
limitations inherent in a single ISH or IHC/ICC assay.

Historically, the analysis of multiple markers was performed on consecutive tissue sections,
thus loosing information about co-localization within the same cell population. Multiplexing
histochemistry is necessary to overcome the limitations of studying serial tissue sections and to
better understand molecular signatures of pathologies [11]. Current technologies utilize fluo-
rescence or mass spectrometry for accurate detection of several, typically protein, analytes. In
addition, significant efforts have been made to achieve quantitative objective evaluation of bio-
marker expression in high-throughput settings [11, 12]. Consequently, staining automation
has become an integral part of routine pipelines, to support robustness and reproducibility,
together with output increment.
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Generic protocols are available to combine ISH assays and IHC [13, 14]. However, these
protocols are mostly tailored for formalin-fixed paraffin-embedded (FFPE) or frozen tissue
sections. Commonly, non-adherent cells are processed for ISH/IHC by generation of cell pel-
lets that are treated as tissue blocks. These processes require a high number of cells and exten-
sive handling. There are cases in which samples are limited, such as for a single patient blood-
derived PBMCs, rare tumor samples (e.g. circulating tumor cells), effusions or other body flu-
ids, dissociated or sorted cells. Cytospin is an excellent tool to overcome this limitation [15].
Cytospin is a centrifugation-based method that concentrates samples with low cellularity on a
glass slide that is suitable for microscopy. Importantly, cells processed by cytospin maintain
natural cell morphology, thus allowing evaluation of pathological changes, and can tolerate
downstream processing by ISH and ICC [15, 16].

For this study, we investigated mouse primary naive CD8+ T cells activation ex vivo. Naive
CD8+ T lymphocytes are a relatively rare population (0.4-2.6% of total leukocytes in human
peripheral blood and about 12% of total cells in mouse spleen) of small cells, characterized by a
heterochromatic nucleus, and a ring of cytoplasm that consist of about 10-20% of the entire
cell volume [17, 18]. Upon activation, CD8+ T cells undergo a number of molecular changes
that result in expression of activation markers that also have a role in sustaining effector func-
tions (e.g. CD69, CD25) and the downregulation of naive cells markers (e.g. CD62L) [19-22].
Activated CD8+ T cells also undertake extensive morphology remodeling, resulting in cyto-
plasm enlargement and chromatin decondensation, both clearly visible within 24 hours of
stimulation in vitro.

Here we describe a method that combines ultrasensitive RNAscope-ISH with ICC on cytos-
pin cell preparations. This method allows automated, sensitive, multiplex ISH/ICC on small
numbers of non-adherent cells. With the aim to provide guidelines for multiple uses and set
the bases for further customization, we outline protocols for both chromogenic and fluores-
cent ISH/ICC combinations that can be performed either in a fully automated or in a manual
setting. The sensitivity of the described methods is high enough to detect and quantify subtle
variation in expression kinetics of endogenous targets, with specificity comparable to other
high-sensitivity methods such as RT-qPCR and flow cytometry.

Material and methods
Animals

Adult 12-16 weeks old C57BL/6] mice, obtained from Jackson Laboratory, were used for these
experiments. All animal studies, animal care, housing, ethical usage and procedures were per-
formed in accordance with standard regulations and were approved by Genentech Institu-
tional Animal Care and Use Committee (IACUC). Mice were group housed in IVC cages (3-5
mice per cage) on a 12 hours light/dark cycle with food and water available ad libitum. Animals
were euthanized by CO, inhalation. Spleen and lymph nodes were harvested according to
IACUC protocol# TH17-0056. For each experiment 8-12 animals were euthanized in order to
obtain enough cells to perform the various methods optimizations. A total of 60 animals were
used in these studies.

Primary naive CD8+ T lymphocytes isolation and stimulation

Spleen and lymph nodes were collected in GentleMACS C-tubes (cat # 130-096-334) contain-
ing 5 mL complete medium (RPMI 1640 with Glutamax- Gibco cat # 61870-036, 10% heat
inactivate FBS- hyClone cat # SH3008803HI, 1mM sodium pyruvate -Gibco cat # 1136-070,
55uM b-mercaptoethanol- Gibco cat # 21985-023, 10mM HEPES pH 7.2). Tissues were
homogenized with a GentleMACS OCTO dissociator. CD8+ T lymphocyte isolation was

PLOS ONE | https://doi.org/10.1371/journal.pone.0207619  November 20, 2018 3/21


https://doi.org/10.1371/journal.pone.0207619

®PLOS | one

Multiplex RNAscope ISH/ICC on cytospin samples

performed with Dynabeads untouched mouse CD8 cells kit (cat # 11417D, Invitrogen),
according to the manufacturer’s protocol. Isolated cells were counted and resuspended at
2x10%/mL in complete medium. 4x10° cells were plated in each well of 6 well plates pre-coated
with anti-CD3e antibody (BD Pharmingen purified NA/LE hamster anti-mouse CD3e clone
145-2C11, cat # 553057) at 10ug/mL, or non-coated plates for control, and incubated at 37°C
for 1, 2, 3, 4, 24 hours. Non-stimulated (Naive) samples were kept on ice until fixation.

Human primary monocyte-derived dendritic cells

Primary monocytes were purified from buffy coats with monocyte isolation kit IT (MACS cat #
130-091-153), accordingly to manufacturer instructions. Cells were treated for 5 days in com-
plete medium (RPMI 1640 with Glutamax- Gibco cat # 61870-036, 10% heat inactivate FBS-
hyClone cat # SH3008803HI, 1mM sodium pyruvate -Gibco cat # 1136-070, 55uM b-mercap-
toethanol- Gibco cat # 21985-023, 10mM HEPES pH 7.2) complemented with 800 U/ml of
GM-CSF (peprotech cat # 300-03) and 500 U/mL IL-4 (peprotech cat # 200-04).

Cytospin

RNAscope Technical Note for Non-Adherent cells protocol (Advanced Cell Diagnostics, New-
ark, CA, ACD, technical note 321230 RevA) was used for fixation, post-fixation, wash and
storage steps. Purified lymphocytes were centrifuged at room temperature (RT) at 250 RCF for
10 minutes in 50 mL polypropylene tube. Supernatants were removed and cells were washed
with 10 mL PBMC buffer (ACD, 320972). Samples were then centrifuged at 250 RCF for addi-
tional 10 minutes. Supernatants were removed and cells were resuspended in 5 mL of 10%
neutral buffered formalin (NBF) by gently pipetting 10 times to break apart the cell pellet and
incubated at 37°C for 30 minutes. Fixed samples were centrifuged at 250 RCF for 10 minutes
and supernatants were removed. Cells were resuspended in a volume of 70% Ethanol to adjust
the cell density to 1x10° cells per mL, to produce a monolayer on a slide. Samples were centri-
fuged at 800 RCF for 10 minutes and the slides were removed from cytoprep kit. Slides were
air dried for 20 minutes at RT and dehydrated in 50%, 70% and 100% Ethanol in preparation
for staining.

Manual procedures

Manual cytospin ISH is a modified protocol of pretreatment steps from Advanced Cell Diag-
nostics (ACD, 322360-USM) adjusted for cytospin samples; subsequent hybridization and
amplification steps remained as in the original protocol. Fast Red from ScyTek (FR0001) was
used for ISH signal detection instead of the Fast Red provided by ACD due to a better compat-
ibility with Tissue Tek mounting medium, that also was preferred to Ecomount.

1. Sample pretreatment. After cytospin, slides were removed from 100% EtOH and dried
for 30 minutes in an oven at 37°C. A hydrophobic barrier was created around the cell spot
with a hydrophobic barrier pen, and air dried for 1 minute. Enough 3% hydrogen peroxide
solution (H,0,) was added to cover the sample and incubated for 10 minutes at RT. After
incubation, H,O, was removed and slides were washed twice with distilled water. Protease
plus (ACD, 322330) was added to the samples and incubated in a HybEZ oven for 30 minutes
at 40°C. After incubation, protease was removed by submerging the slides in 1X PBS buffer for
2X 1 minute each.

2. Probe hybridization and amplification. Hybridization and amplification steps were
done according to the RNAscope protocol provided by ACD. Probes were hybridized for 2
hours at 40°C in a HybEZ oven. Slides were washed with 1X wash buffer 2 times 2 minutes
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Table 1. RNAscope probes used in this study.

Probe Names Catalog Number Opal Fluor Reference Number
RNAscope 2.5 LS Mm-Ppib 313918 Opal 570 Red Perkin Elmer FP1488001KT
RNAscope 2.5 LS DapB 312038 Opal 570 Red Perkin Elmer FP1488001KT
RNAscope 2.5 LS Mm-Cd69 449338 Opal 570 Red Perkin Elmer FP1488001KT
RNAscope 2.5 LS Mm-Cd69-scrambled 518168 Opal 570 Red Perkin Elmer FP1488001KT
RNAscope 2.5 LS Mm-Notchl 404648 Opal 570 Red Perkin Elmer FP1488001KT
RNAscope 2.5 LS Mm-Notch1-scrambled 511698 Opal 570 Red Perkin Elmer FP1488001KT
RNAscope 2.5 LS Mm-Notch1-C2 404648-C2 Opal 620 Purple Perkin Elmer FP1495001KT

(for multiplex)

RNAscope 2.5 LS Mm-Notch1-scrambled-C2 (for multiplex) 511698-C2 Opal 620 Purple Perkin Elmer FP1495001KT
RNAscope 2.5 LS 419158 Opal 620 Perkin Elmer FP1495001KT

Hs-ITGAX (aka CD11c)
https://doi.org/10.1371/journal.pone.0207619.t001

each at RT following each amplification step using RNAscope 2.5 HD Reagents Detection Kit-
RED (ACD, 32360).

3. ISH signal detection. Fast Red (ScyTek, FR0001) reagent was prepared with Napthol
Phosphate Buffer according to manufacturer’s instructions. Fast Red mixture was applied to
the tissue section on the slide and incubated for 5 minutes. Tissue samples were rinsed with
deionized (DI) water. A second round of Fast Red mixture was applied to the tissue section
and incubated for additional 5 minutes. Tissue samples were rinsed with DI water 5 times.
Slides were washed in ACD wash buffer for 1 minute in preparation for the Immunocyto-
chemistry (ICC) procedure. Probes used in this study are listed below (Table 1).

4. Manual immunocytochemistry. Endogenous peroxidase activity was quenched with
3% hydrogen peroxide (H,O,) (Sigma-Aldrich, H1009) in 1X PBS for 4 minutes at RT and
washed with TBST (0.05M Tris, 0.15M NaCl, 0.05% Tween-20) for 30 minutes at RT. Second-
ary antibody species specific serum was used to block for 30 minutes at RT. Sera were removed
and slides incubated with primary antibodies at RT for 60 minutes. Slides were then washed
with TBST 3 times and incubated with secondary antibodies for 30 minutes at RT. Slides were
then washed with TBST 3 times and the reaction was visualized using Vina-Green for 5-10
minutes at RT (BioCare, BRR807). Vina-Green solution was prepared according to the manu-
facturer’s directions. Samples were washed with DI water and lightly counterstained with
hematoxylin and bluing. Excess bluing was rinsed off with DI water 2 times 2 minutes each.
The slides were dried in 55°C oven for 30 minutes or until dried. Slides were mounted with
Tissue Tek Mounting Medium (Sakura, cat # 6419) xylene-based permanent mounting
medium.

Automated procedures

Automated cytospin ISH is a modified single ISH protocol from Advanced Cell Diagnostics
RNAscope 2.5 LS Reagent Kit-Red User Manual (ACD, UM-322150 RevA), performed using a
Leica Bond-RX system. Pretreatment steps were adjusted to maintain optimal morphology for
cytospin samples. Sample pretreatment and probe hybridization steps were the same for both
chromogenic and fluorescent procedures, while fluorescent ISH procedure was modified from
ACD protocol in the amplification steps.

1. Sample pretreatment. Pretreatment steps for all single, dual and multiplex cytospin
assay development followed the same procedure. Slides were removed from 100% EtOH and
dried in an oven at 37°C for 30 minutes. Slides were labeled with ACD2.5 Red Rev B protocol
(without counterstaining step if dual or multiplex procedure) and inserted into the Bond RX
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slide racks to be processed. The existing software defined protocol steps (designed for single
label immunohistochemistry) were modified or “repurposed” in order to account for the sam-
ple type and desired run conditions. Accordingly, pre-existing “pretreatment” step was
replaced with “frozen slide delay” step to accommodate the overnight delay run. Antigen
retrieval was conducted with *ACD HIER 15 minutes with ER2 at 88°C (Bond Epitope
Retrieval Solution 2; Leica Cat # AR9640). Enzyme digestion step was omitted to avoid over-
digestion of the sample. Please note that automated procedure is not precluded to epitopes
that require protease digestion. Protease digestion step must be optimized for the cytological
sample of choice. Endogenous peroxidase activity was quenched with RNAscope 2.5 LS hydro-
gen peroxide for 10 minutes at RT and washed twice with 1X Bond wash buffer (Leica 10X
concentrate Cat # AR9590). Peroxide quenching step was re-added to the hybridization proto-
col as a work-around because enzyme treatment and quench step were linked in the automated
program. Therefore, removal of the enzyme treatment also leads to the removal of the quench-
ing step. This work-around is not necessary if enzyme digestion step is not eliminated.

2.a_Chromogenic single in situ procedure. Following sample pretreatment, hybridiza-
tion and amplification steps were done according to the RNAscope LS2.5 protocol (ACD,
UM-322150 RevA). Probes were hybridized for 2 hours at 42°C. Slides were washed with 1X
Bond wash buffer (Leica 10X concentrate, AR9590) at 42°C 3 times (0, 1, 5 minutes) followed
by 8 washes with 1X Bond wash buffer 0 minute each. Slides were then treated with Amp 1 to
Amp 6 steps using RNAscope 2.5 LS Reagents Kit-Brown (ACD, 322100).

ISH detection and counterstain were completed using Bond Polymer Refine kit (Leica,
DS§9800).

2.b_Chromogenic dual ISH/ICC. For dual ISH/ICC, counterstaining was omitted to
include ICC. ISH detection was performed as described above.

Upon completion of ISH detection, slides were again treated with RNAscope 2.5 LS Hydro-
gen Peroxide to quench endogenous peroxidase for 10 minutes at RT and 3 washes with 1X
Bond wash buffer. Slides were treated with species specific serum for 30 minutes at RT to
block non-specific binding, prior to incubation with primary antibody for 60 minutes at RT.
After primary antibody incubation, slides were open washed 3 times with 1X Bond wash
buffer. HRP-conjugated secondary antibody was added for 30 minutes at RT, then 6 open
washes with 1X Bond wash solution were performed. Final detection was done using Vina-
Green for 5-10 minutes at RT (BioCare, BRR807). Vina-Green solution was prepared accord-
ing to the manufacturer’s directions. Samples were washed with DI water and lightly counter
stained with Hematoxylin and Bluing. Excess bluing was rinsed off with 2 washes in DI water
for 2 minutes each. The slides were dried at 55°C for 30 minutes or until dried. Slides were
mounted with Tissue Tek Mounting Medium (Sakura, cat # 6419) xylene-based permanent
mounting medium.

2.c_Fluorescent single ISH procedure. Fluorescent cytospin single ISH is a modified
staining protocol of single chromogenic RNAscope 2.5 LS Red detection (322150-USM) using
RNAscope 2.5 LS reagent kit (ACD, 322150). Sample pretreatment steps were the same as
chromogenic single ISH.

Following sample pretreatment, probe hybridization and wash steps outlined in the single
chromogenic ISH procedure, samples were processed only to the end of the Amplification 4
step (*ACD Amp4) followed by washes.

ISH detection was performed using Opal-570 (1:1500) in 1X amplification buffer (PerkinEl-
mer, NEL794001KT) incubated for 1 and 10 minutes each at RT. Slides were washed with 1X
Bond wash solution 3 times 0 minute (i.e. by immediately replacing the wash solution) each
followed by additional 5 times 1 minute each at RT. Slides were counterstained with spectral
DAPI for 1 and 5 minutes at RT. Excess DAPI was rinsed off by 4 washes with DI water.
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Finally, the slides were cover slipped with Prolong Gold anti-fade reagent (Life Technology
Cat # P36930).

2.d_Fluorescent dual ISH/ICC. Following probe hybridization and wash steps outlined
in the single chromogenic ISH procedure, samples were processed only to the end of the
Amplification 4 step (*ACD Amp4) followed by washes.

ISH detection was completed using Opal-570 (1:1500) in 1X amplification buffer (PerkinEl-
mer, NEL794001KT) 1 and 10 minutes each at RT. Slides were washed with 1X Bond wash
solution 3 times 10 minutes each followed by additional 5 times 1 minute each at RT. Slides
were then rinsed 2 times with DI water and continued to ICC procedure.

Upon completion of ISH detection, slides were again treated with RN Ascope 2.5 LS Hydro-
gen Peroxide to quench endogenous peroxidase for 10 minutes at RT and 3 washes with 1X
Bond wash buffer. Slides were incubated with TNB blocking (0.1M Tris-HCI, pH7.5, 0.15M
NaCl, 0.5% Blocking Reagent PerkinElmer, FP1012) for 30 minutes at RT. Primary antibody
was incubated 60 minutes at RT. Slides were then open washed 3 times with 1X Bond wash
buffer. HRP-conjugated secondary antibody was added for 30 minutes at RT, and then 6 open
washes with 1X Bond wash solution were performed. Final detection step was conducted with
PerkinElmer Opal dye (1:1500) in 1X amplification buffer incubated for 30 minutes at RT.
Excess dye was removed with 8 open washes with Bond wash solution. Spectral DAPI (Perki-
nElmer. FP1490) counterstain was performed for 5 minutes at RT. Excess DAPI was rinsed off
by 5 washes with DI water. Finally, the slides were cover slipped with Prolong Gold anti-fade
reagent (Life Technology Cat # P36930).

2.e_Fluorescent multiplex ISH/ICC procedure. Dual fluorescent ISH for multiplex was a
modified RNAscope LS Multiplex Fluorescent protocol from Advanced Cell Diagnostics
(ACD, 322800-USM) using RNAscope LS Multiplex Fluorescent Reagent Kit (ACD, 322440).
Upon completion of pretreatment steps, slides were subjected to probe hybridization, followed
by washes. Samples were processed through the completion of ACD Multiplex TSA-F2 devel-
opment and washed again. Upon completion of ISH detection, slides were treated with ACD
Multiplex HRP blocker for 10 minutes to ensure that all the excess HRP were quenched, fol-
lowed by 3X washes with 1X Bond wash buffer and continue to ICC procedure. After quench-
ing, slides were incubated with TNB blocking for 30 minutes at RT. Cocktailed primary
antibodies were incubated simultaneously for 60 minutes at RT. Slides were open washed 3
times with 1X Bond wash buffer, subsequently incubated with Goat anti-Rabbit-HRP (1:1000)
(PerkinElmer, Cat # NEF812001EA) for 30 minutes at RT and open wash 6 times with 1X
Bond wash solution. Final detection of anti-Notch1 ICC was conducted with PerkinElmer
Opal-520 (1:1500) in 1X amplification buffer, incubated for 30 minutes at RT. Excess dye was
removed by washing 8 times with 1X Bond wash solution. Additional ACD Multiplex HRP
blocker and wash steps were performed to ensure that all HRP activity was quenched. Slides
were open washed 3 times with 1X Bond wash buffer, and incubated with Donkey anti-Rat-
HRP (1:1000) (Jackson Immuno-Research, 712-035-153). CD69 ICC was detected by incuba-
tion with PerkinElmer Opal-690 (1:1500) in 1X amplification buffer for 30 minutes at RT.
Excess dye was rinsed off by washing 8 times with 1X Bond wash solution. Slides were counter-
stained with spectral DAPI for 5 minutes at RT. Excess DAPI was rinsed off by 5 washes with
DI water. Finally, the slides were cover slipped with Prolong Gold anti-fade reagent (Life Tech-
nology Cat # P36930). Antibodies used in this study are listed below (Table 2).

Hematoxylin and eosin (H & E) staining

H & E staining was performed by incubation with 3X 5 minutes each in xylene, followed by re-
hydration with two 1 minute each with 100%, 95% and 1X 70% Ethanol (EtOH) and then
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Table 2. Antibodies for ICC used in this study.

Antibody Name Reference Number Opal Fluor Reference Number
Rat anti-murine CD69 R&D Systems (Clone#310116) Opal-520 PerkinElmer FP1487001KT
Cat # MAB23861

Rabbit anti-murine Notchl Cell Signaling Technologies Opal-690 PerkinElmer FP1497001KT
(Clone-D1E11) Cat # 3608

mono-Rat IgG1, K BD Pharmingen (clone R3-34) Cat # 553922 Opal-520 PerkinElmer FP1487001KT

mono-Rabbit IgG1 Cell Signaling Technologies Opal-690 PerkinElmer FP1497001KT
(Clone-DAI1E) Cat # 3900S

Rat anti-human CD209 LifeSpan BioSciences, Inc Opa-520 PerkinElmer FP1487001KT

(Clone: h209) Cat # LS-B3782/73607
mono-Rat IgG2a, k Pharmingen (Clone R35-95) Opal-520 PerkinElmer FP1487001KT
Cat # 553927

https://doi.org/10.1371/journal.pone.0207619.t002

washed with running tap water for 1 minute. Slides were stained with Hematoxylin (American
Master Tech, Gill’s III, HXGHE3GAL) for 8 minutes and washed with running tap water for 1
minute. After staining, slides were washed in acid alcohol (0.5% HCl in 95% EtOH) and
washed again in running tap water for 1 minute. Bluing reagent (Richard Allan Scientific,
7301) was added for 1 minute and excess washed with running tap water for 1 minute. Slides
were stained with Eosin (American Master Tech, STE0157) (dilute 1:1 with 95% EtOH) for 30
seconds and dehydrated 2 times for 1 minute each in 95%, 100% EtOH and Xylene.

Image acquisition, processing and quantification

Brightfield images were acquired with a Nanozoomer 2.0 HT using NDP scan 3.2.12 software
(Hamamatsu).

Confocal images were acquired using a Leica TSC SP8 fitted with a 100x oil-immersion
objective lens (HC PlanApochromat 100x/1.40 oil STED white, NA = 1.40). Confocal images
were obtained in sequential acquisition mode using HyD detectors. The pinhole was set at one
Airy unit. 3D scanning was performed with 8 frames averaging and bidirectional scanning
using excitation/emission wavelengths accordingly to Table 3:

For the multiplex imaging, 3 sequential scans were created to avoid overlapping spectra:
sequence 1-405 nm (UV) together with 670 nm excitation, sequence 2-494 nm together with
588 nm excitation, sequence 3-550 nm excitation.

Projected images were generated by collecting maximum pixel intensity of the entire z-
stack frames into a single frame. All quantified images were acquired and processed simulta-
neously by using identical confocal settings. All post acquisition processing and analysis was
performed with Image] (NIH). For analysis, z-stacks of unprocessed images were used. For
puncta count, a cytoplasmic mask was created and the number of puncta was extracted with
automatic “analyze particles” algorithm. To determine MFI measurements, ImageJ was used
to select 2-3 random regions of interest (ROI) within each cell present in the image. The ROI

Table 3. Fluorophores and wavelengths used for target detection.

Fluorophore Excitation wavelength (nm) Emission wavelength
DAPI 405 (UV) 410-441
OPAL-520 488 (Argon)/494 491-528/499-535
OPAL-570 550 559-587
OPAL-620 588 595-647
OPAL-690 670 674-727

https://doi.org/10.1371/journal.pone.0207619.t003

PLOS ONE | https://doi.org/10.1371/journal.pone.0207619  November 20, 2018 8/21


https://doi.org/10.1371/journal.pone.0207619.t002
https://doi.org/10.1371/journal.pone.0207619.t003
https://doi.org/10.1371/journal.pone.0207619

®PLOS | one

Multiplex RNAscope ISH/ICC on cytospin samples

values for each cell were averaged, and then the background signal level was subtracted from
these.

Each point on the graphs represents the mean value (either number of puncta or MFI) for
one cell. Signal from each cell in the image was counted in order to do not induce bias.

Flow cytometry analysis

At harvesting, 1x10° cells were placed in V-bottom 96 well plates, spun at 350 RCF for 5 min-
utes at 4°C, and the supernatant was discarded. Cell pellets were washed with 1X HBSS (Gibco
cat # 14175-095) complemented with 2% hiFBS (hyClone cat # SH3008803HI). Cells were
spun as previously described and the supernatant removed. Next, the plate was placed on ice,
pellets were resuspended in FC-blocking solution composed of FACS buffer (HBSS, 2% hiFBS,
0.05% sodium azide, 0.5% Bovine Serum Albumin) and 1:100 dilution of mouse FC blocking
purified Rat anti-mouse CD16/CD32 (BD Pharmingen cat # 553142) and then incubated on
ice for 10 minutes. Cells were then stained for 20 minutes on ice, by addition of staining solu-
tion composed of FACS buffer and the antibodies as reported in the table below (Table 4).

Cells were spun as before and supernatant discarded. 3 washes with FACS buffer were then
performed. Finally, cells were resuspended in 100 uL of FACS buffer to which fresh 7-AAD
(BD Pharmingen 51-68981E) was added.

Flow cytometry was performed on LSR II machine (BD) and analysis done with Flow]Jo
software.

RNA extraction and RT-qPCR

2x10° cells per sample were used for RNA extraction with Qiagen RNeasy mini kit (cat #
74104) accordingly to manufacturer instructions. 500 ug of isolated RNA was subjected to
reverse transcription with High Capacity cDNA Reverse Transcription kit (AB cat # 4368814).

The obtained cDNA was pre-amplified using Tagman PreAmp Master Mix (AB cat #
4391128). Finally, qPCR was performed with Tagman Gene Expression Master Mix (cat #
4369016) on Viia7 machine (AB). Taqman assays used to detect the targets of interest were
purchased from ThermoFisher Scientific and are reported in the table below (Table 5).

The delta-delta Ct method was used to evaluate gene expression. Cts were normalized
against the geometric mean of the housekeeping genes Rplp0, RLP19 and ActB. Due to its low
level of expression, Notchl mRNA was measured with multiple probes to ensure accurate mea-
surement. The geometric mean of the Cts for Notch1 probes (min 2, max 5) was used for sub-
sequent gene expression calculation.

Results

Cytospin slide preparation allows usage of low cell numbers and maintains
cell morphology

After isolation from mouse spleen and lymph nodes, purified CD8+ T cells were activated in
vitro via plate-bound anti-CD3e antibody. Purity, viability and differentiation state of isolated

Table 4. Antibodies for FACS analysis used in this study.

Antibody Reference Dilution
APC/Cy7 anti-mouse CD25 BioLegend cat # 102026 1:100
PE anti-mouse Notchl BD Pharmingen cat # 553989 1:100
APC anti-mouse CD69 eBioscience cat # 17-0691-82 1:100
eFluor450 anti-mouse CD62L eBioscience cat # 48-0621-82 1:100
FITC anti-mouse CD8a BD Pharmingen cat # 553031 1:200

https://doi.org/10.1371/journal.pone.0207619.t1004
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Table 5. Tagman probes used in this study.

Taqman assay Reference
CD69 MmO01183378_m1
Rplp0 Mm00725448_s1
RIp19 Mm02601633_g1
ActB MmO00607939_s1

Notchl MmO00435249_m1
Notchl MmO00627185_m1
Notchl MmO00627192_m1
Notchl MmO03053614_s1
Notchl MmO00435245_m1

https://doi.org/10.1371/journal.pone.0207619.t005

cells were checked by flow cytometry as described in Materials and Methods (Flow cytometry
analysis chapter), by accessing 7-AAD staining and surface expression of CD8, CD62L, CD69
and CD25. A representative FACS analysis, including gating strategy, is shown in S1 Fig.

Our first goal was to select a cell preparation method that would allow the use of a small
number of cells, with minimum loss, that would maintain tissue morphology for pathology
evaluation, that would be suitable for subsequent ISH and ICC procedures, and require a mini-
mum handling time. To this aim we selected cytospin cell preparation.

Non-stimulated (naive) and stimulated cells for 24 hours were harvested and prepared for
cytospin as described in Materials and Methods (cytospin chapter), and subsequently stained
with hematoxylin and eosin (H&E staining, Fig 1). Serial dilutions were used to determine the
optimal cell density to obtain a monolayer of evenly distributed cells (Fig 1A). Exceedingly
high cell density led to the formation of cell agglomerates, while a too diluted cell preparation
resulted in an uneven cell distribution. Particular attention in the determination of the optimal
cell density should be used when working with different cell types, or samples with different
morphologies. As shown in Fig 1A, we determined that a cytospin preparation of 2.5x10° cells/
slide, in a volume of 250 uL (i.e. a density of 1x10%/mL) would give the best distribution for
both naive cells and for cells subjected to 24 hours of stimulation. However, we found that
acceptable results could be obtained with as few as 5x10* cells/slide.

Cytospun cells maintained normal morphology, that was visibly different between naive
cells and cells subjected to 24 hours of stimulation (Fig 1B).

Development of dual ISH/ICC protocol with RN Ascope on cytospin
samples

In Materials and Methods, we provide protocols for both chromogenic single ISH and dual
ISH/ICC and fluorescent single ISH and dual ISH/ICC. We also provide guidelines for per-
forming manual and fully automated procedures. The results shown here were produced with
our fluorescent dual ISH/ICC method on a fully automated platform (Leica Bond RX).

Sample RNA quality control. Preservation of RNA integrity within the samples is essential
for ISH performance and deterioration can occur during extended manipulation for sample
preparation. For this reason, RNA integrity was verified by performing ISH for the ubiquitously
expressed peptidylprolyl isomerase B (Ppib) mRNA on cytospin samples (Fig 2A) using a single
fluorescent ISH procedure, described in Materials and Methods (Automated procedures- Fluo-
rescent single ISH procedure). As negative control, we selected an off-target ISH probe that rec-
ognizes B.subtilis dihydrodipicolinate reductase (dapB) mRNA (Fig 2B). While a distinct red
punctate pattern is visible for Ppib staining, no signal is observed with the dapB control. This
data supports the use of cytospin as a quick and safe suspension cell preparation.
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Fig 1. Cytospin CD8+ T cells preparation. (A) Determination of optimal cell density for cytospin slides preparation with both naive lymphocytes (first row) and
lymphocytes stimulated for 24 hours with plate-bound anti-CD3e (second row). Images were taken with the same magnification. Scale bars = 40 um. (B)
Hematoxylin and Eosin staining of cytospin cell preparations (at 2.5x10° cells/slide) showing that cells maintain natural morphology. In the left panel murine naive
CD8+ T cells, in the right panel CD8+ T cells after 24 hours of in vitro stimulation are shown. Images were taken with the same magnification. Scale bars = 10 um.

https://doi.org/10.1371/journal.pone.0207619.9001

Dual ISH/ICC. Performance of dual ISH/ICC protocol (see Materials and Methods -
Automated procedures—Fluorescent dual ISH/ICC procedure) was evaluated for two targets
known to be differentially regulated in naive and stimulated CD8+ T cells: CD69 and Notchl.
Both CD69 and Notchl are induced upon T cells activation, while being absent or very low in
naive cells [19, 23, 24]. Expression of each target was evaluated in separate sets of dual ISH/
ICC experiments presented in Fig 3: panel A shows CD69 dual ISH/ICC, panel B shows
Notch1 dual ISH/ICC. ISH was performed with probes against Cd69 or Notchl, ICC was con-
ducted with Rat anti-murine CD69 or Rabbit anti-murine NOTCHI1. As negative controls,
ISH/ICC was performed with scrambled-sequence probe and species-specific antibody iso-
type. Additional controls were introduced by performing specific-probe ISH combined with
isotype control ICC and vice-versa. These series of controls are informative on possible cross-
talk or non-specific signal arising during ISH/ICC combination.

mRNA detection is marked by a distinct punctate red staining, visible for both probes in
stimulated cells, while signal in naive cells is minimal. A green signal marks expression of tar-
get proteins and correlates with the presence of mRNA, as expected (Fig 3, panels A and B,
first columns). Substitution of primary antibodies with the respective species-specific isotypes
did not generate any appreciable signal, thus confirming the specificity of the antibodies
selected and the fidelity of the protocol applied (Fig 3, panels A and B, second columns).
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Fig 2. RNA quality control for ISH. (A) RNAscope probe targeting Peptidil-prolyl cis-trans isomerase B (PPIB) RNA on naive and stimulated CD8+ T cells is
used to access RNA quality in cytospin samples. (B) Negative control for RNAscope PPIB staining using a non-targeted probe for DapB (dihydrodipicolinate
reductase, from B.subtilis). Scale bar is equal to 10 pm.

https://doi.org/10.1371/journal.pone.0207619.9002

Scrambled sequence probes were used as negative controls to verify that signal arising from
stimulated cells was indeed dependent on specific probe hybridization to the target mRNA.
ISH negative controls did not show any red signal (Fig 3, panels A and B, third columns).
Importantly, we detected no evident crosstalk between ISH and ICC procedures. Finally, no
non-specific signal was detected in slides where scrambled-sequence probes and isotypes were
used (Fig 3, panels A and B, fourth columns).

To prove the robustness of the assay developed and its direct applicability to different
cytological specimens, human monocyte-derived dendritic cells were subjected to dual ISH/
ICC for detection of CD11c mRNA and CD209 protein, two well known phenotypic markers
of this cell population [25]. Similarly to CD8+ T cells, the assay proved to be sensitive and spe-
cific (52 Fig). Importantly, the procedure to perform dual ISH/ICC on monocyte-derived den-
dritic cells did not require further optimization compared to murine CD8+ T cells.

Quantification. Dual ISH/ICC is inherently a semi-quantitative technique. RN Ascope tech-
nology produces single puncta that correspond to individual nucleic acid molecules. Additionally,
MFI quantification can be applied to evaluation of protein expression from the ICC signal.

As a proof of concept, we quantified the number of puncta and the MFI of ICC signals
from dual ISH/ICC and respective controls for both CD69 (Fig 3C) and Notchl (Fig 3D). For
both targets we observed an increased ISH labeling as quantified by the number of puncta in
cells after 24 hours in stimulation compared to naive cells, but no signal in negative controls.
Similarly, we detected a clear increment in ICC signal (MFI) in cells upon stimulation for 24
hours compared to baseline, and no non-specific staining in negative controls.

Sensitivity of dual ISH/ICC allows the detection of subtle differences
between samples

The dual ISH/ICC protocol shown here has demonstrated to be robust and reliable in the
detection of two well expressed markers during lymphocytes activation. We next tested if this
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Fig 3. Development of dual ISH/ICC protocol for CD69 and Notchl. (A) Dual ISH/ICC for CD69. CD69 RNAscope probe
was used to target CD69 RNA (red signal), while rat anti-CD69 antibody was used to detect expression of CD69 protein (green
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signal). First column shows dual positive staining for CD69 ISH/ICC, second column shows ISH-only control in which anti-
CD69 probe was used in combination with a rat isotype for ICC. Images in the third column shows an ICC-only control
(scrambled ISH probe combined with rat anti-CD69 antibody). The fourth column shows double negative control (scrambled
sequence probe and isotype). Scale bar is equal to 10 um. (B) Dual ISH/ICC for Notchl. In columns from the left: dual ISH/
ICC, ISH-only control, ICC-only control, dual negative control. Scale bar is equal to 10 um. (C) Signal quantification for dual
CD69 ISH/ICC. RNA signal is quantified as number of dots per cell. Protein expression is quantified as signal intensity per cell
(median fluorescence intensity, MFI). (D) Signal quantification for dual Notch1 ISH/ICC. RNA signal is quantified as number
of dots per cell. Protein expression is quantified as signal intensity per cell (median fluorescence intensity, MFI). Each symbol
on the graph represents the mean value of one cell, data are collected from images of multiple experiments and error bars
represent SEM.

https://doi.org/10.1371/journal.pone.0207619.g003

method is sensitive enough to discriminate more subtle differences in expression patterns. To
this aim, we investigated the expression of CD69 and Notch1 during the first hours of lympho-
cyte stimulation and attempted to discriminate the kinetics of mRNA and protein expression
of these two targets. Primary CD8+ T cells were isolated from mouse spleen and lymph nodes.
Purified lymphocytes were stimulated in vitro via plate-bound anti-CD3e for 1, 2, 3 and 4
hours. Samples were cytospun and dual ISH/ICC performed as previously described. For sim-
plicity, only dual positive images are shown here while the previously described experimental
controls (ISH/isotype, scrambled-ISH/ICC, and scrambled-ISH/isotype) are reported in S3
Fig.

CD69 is one of the earliest activation markers expressed by lymphocytes [19]. Not surpris-
ingly, dual ISH/ICC for CD69 shows abundant mRNA expression already after 1 hour of in
vitro stimulation, as compared to naive cells. Interestingly, mRNA abundance seems to slowly
decline over time. CD69 protein accumulation on the cell surface starts as early as 1 hour post-
stimulation and continues throughout the time course (Fig 4A). In contrast, Notch1 exhibits
slower activation and expression. Notchl mRNA production seems to peak after 2 hours of
stimulation in vitro and rapidly declines over time, while accumulation of protein on the cell
surface becomes evident from the third hour of stimulation (Fig 4B). Quantification of the sig-
nals supports the qualitative impression of these images (Fig 4C and 4D, cell population
images are shown in S4 Fig).

Performance of dual ISH/ICC was then compared with commonly used methods to deter-
mine mRNA and surface protein expression.

To this aim, naive and stimulated CD8+ T cells for 1 to 4 hours were analyzed by flow
cytometry and RT-qPCR (tagman assay). By these methods Cd69 mRNA was highly expressed
after 1 hour of in vitro stimulation and slowly decreased over time, while protein on the surface
accumulated progressively (Fig 4E). Notchl mRNA was expressed within 2 hours of stimula-
tion, while protein accumulated significantly on the cell surface within 3 hours (Fig 4F). Mea-
surement of mRNA and protein signals from ISH/ICC correlates with RT-qPCR and FACS
counts respectively, confirming that the dual ISH/ICC protocol can reliably measure mRNA
and protein levels in situ.

Multiplex ISH/ICC

Oftentimes multiple targets need to be visualized within the same cell. The robustness of the
assay here developed allows multiplexing as far as separate fluorescent channels are available
for probes and antibodies combinations.

As proof of concept a 5-plex experiment was performed (as described in Materials and
Methods—Automated procedures—Fluorescent multiplex ISH/ICC procedures), in which
two ISH, two ICC and DAPI were combined on the same sample. Specifically, Notch1 ISH/
ICC was combined with CD69 ISH/ICC on naive or 24 hours stimulated CD8+ T cells. This
combination allows the detection of Notchl in relation to activated CD8+ T cells (CD69+) by
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Fig 4. CD69 and Notch1 expression kinetics during CD8+ T cell activation. Dual CD69 ISH/ICC (A) and dual
Notch1 ISH/ICC (B) on naive and activated lymphocytes via plate-bound anti-CD3e antibody for 1 to 4 hours.
RNAscope probe signal shown in red, protein signal shown in green. Channels are split in each panel to help
visualization of the expression kinetics of the targets (First lane: merged signal, second lane: RN Ascope signal, third
lane: protein signal). Scale bar is equal to 10 um. (C)-(D) ISH/ICC signal quantification from panels A and B
respectively. RNA signal is quantified as number of dots per cell. Protein expression is quantified as signal intensity per
cell (median fluorescence intensity, MFI). Mean values are plotted, error bars represent SEM. (E)-(F) Comparison of
results obtained with dual ISH/ICC protocol against standard quantification methods for RNA and protein expression
for CD69 and Notchl respectively. RNA expression is measured by RT-qPCR with Tagman assays and flow cytometry
analysis is conducted for surface markers within unfixed living cells (median fluorescence intensity, MFI). Mean values
of 4 replicate experiments for RNA and 7 replicates for flow cytometry are plotted, data are represented as normalized
on naive cells values for each experiment, for both RNA and protein expression. Error bars represent SEM.

https://doi.org/10.1371/journal.pone.0207619.g004

both mRNA and protein levels. All probes and antibodies were tested individually before mul-
tiplex was performed.

As previously observed, naive cells express very little CD69 and Notch1, while activated
cells robustly sustain mRNA and protein expression of both targets (Fig 5A). As control, multi-
plex ISH/ICC was performed substituting targeted probes with scrambled-sequence ones and
specific antibodies with isotypes (Fig 5B). The specificity of the ICC signals was tested by
replacing CD69 and Notch1 antibodies with respective isotypes for the ICC part of the multi-
plex protocol, thus revealing uniquely the mRNA signals (Fig 5C). Finally, substitution of spe-
cific probes with scrambled-sequence ones for both CD69 and Notch1 in the ISH portion of
the protocol reveals uniquely ICC derived signal (Fig 5D).

Also in this case, signals from each target can be quantified, as shown in S5 Fig.

Discussion

This work provides guidelines to perform quantitative ultrasensitive RNAscope ISH combined
with ICC on cytospin cell preparations. Methods exist for combining ISH and IHC on FFPE
tissue sections or non-adherent cell types can be processed into pellets and treated as tissue
sections as well. Alternatively, procedures can be performed in solution, and cells subsequently
immobilized on a support (glass-slide or glass-bottom plate). However, those processes require
a high number of cells and extensive handling, which preclude their use for cytological speci-
mens with small cell numbers. In order to overcome these obstacles, we sought to develop a
method to perform combined ISH/ICC on paucicellular non-adherent specimens.

Cytospin is an excellent tool for the preparation of paucicellular samples for downstream
protein or nucleic acid analysis because (i) the procedure is rapid, thus limiting the risk of tar-
get degradation, (ii) morphology of the cells is maintained, permitting precise pathology evalu-
ation, (iii) optimization of cell concentration required for adequate cell density on the slide is
simple. Importantly, cytospin is advantageous also for non-adherent cell types that can gener-
ate highly cellular specimens as it allows a significant reduction of the material needed, which
may help reduce animal numbers or allow for additional endpoints using the same amount of
starting material. Paraffin embedded tissue samples and cytospin preparations differ in several
ways. Accordingly, protocols for in situ detection of RNA or protein in cytospin preparations
require specific adaptations compared to the standard FFPE protocols from which they derive.
Notably, cytospin samples are much more fragile than typical tissue sections. In addition,
FFPE tissue sections, due to the extensive processing during tissue embedding and due to the
sectioning process itself do not usually require specific steps for permeabilization of cell or
compartment membranes, whereas cell preparations may require them for visualization of
intracellular targets. In this manuscript, we provide details of such adaptations and also
describe how certain pre-programmed steps in existing immunostainer software that are
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Fig 5. Multiplex ISH/ICC development. Multiplex ISH/ICC assay for detection of 4 targets simultaneously on naive and
stimulated lymphocytes for 24 hours. (A) Detection of CD69 and Notch1 proteins and mRNAs. Channels are split below
merged image to help visualization. (B) Multiplex negative control. Scrambled-sequence probes and isotype antibodies were
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used. (C) ISH-only control in which CD69 and Notchl targeted probe were used in combination with species-specific
antibody isotype controls for both target ICC. (D) ICC-only control in which scrambled-sequence probes were used in
combination with specific anti-CD69 and anti-Notch1 antibodies for ICC. White color in the images corresponds to actual
overlapping signals from different probes and/or antibodies: in fact to avoid bleed-through of fluorescence emission, we
combined sequential scanning to ensure no signal bleed-through between channels. Scale bar is equal to 10 pm.

https://doi.org/10.1371/journal.pone.0207619.9005

designed for staining FFPE tissue sections can be repurposed to accommodate cytospin
preparations.

Data presented demonstrate that the ISH/ICC protocols outlined in this study are readily
adaptable to a variety of targets and cell types without the need of extensive customization.
Furthermore, the techniques described are highly sensitive and quantifiable, allowing the reli-
able and quantitative detection of subtle differences in expression kinetics of the studied tar-
gets. RN Ascope produces single puncta that correspond to individual nucleic acid molecules
[6]. Determination of the number of puncta per cell gives a direct measurement of mRNA
expression. Similarly, MFI calculation for the ICC signals corresponds to the relative protein
expression. In practicality, adjustments of the ISH signal quantification methodology may be
required for highly expressed genes because ISH puncta can overlap and fuse resulting in inac-
curate quantifications. In such cases, MFI measurement of the ISH signal may also be used for
relative measurement of mRNA expression. Notably, quantification of ISH/ICC compares well
with semi-quantitative methods commonly used, such as Tagman RT-qPCR and flow cytome-
try. ISH/ICC has several advantages over semi-quantitative methods like RT-qPCR or generic
flow cytometry, including: (i) the possibility to evaluate cell morphology, (ii) both mRNA and
protein expression can be measured within the same cell population in a single experiment,
(iii) information about subcellular localization can also be collected, (iv) the analysis of single
cells (as opposed to bulk populations) enables the identification and evaluation of expression
patterns within cell populations, in situ. In addition, qPCR measurement of gene expression
between very different cell populations may require extensive validation of appropriate house-
keeping targets used for data normalization [2], while ISH/ICC does not.

The understanding of the molecular footprints of pathologies requires the analysis of multiple
biomarkers within the same specimen. Technologies that allow multiplexed detection of several
targets in the same sample are therefore needed. We show the potential for multiplexing of our
protocol by performing a 5-plex experiment (2 mRNA, 2 protein targets and DAPI for visualiza-
tion of cell nuclei). When multiplexing using protocols such as outlined here, it is important to
test each probe or antibody separately and compare the observations with those of the multiplexed
protocol. Likewise, fluorescent channel assignment must be chosen strategically. These two mea-
sures are necessary because staining is performed in several sequences that may interfere.

When comparing manual with automated procedures, we did not observe any qualitative
differences. This indicates that sophisticated instrumentation is not required for the type of
experiment described, enabling many laboratories to implement these techniques. At the same
time, the procedures are scalable for larger facilities that have to process higher volumes of
slides or a need to run similar studies repeatedly. The provided automated protocols increase
throughput and reproducibility as well as speed. In fact, the automated protocol here described
allows processing of samples from tissue harvesting to imaging in as few as 2 days.

In conclusion, we developed a method to perform quantitative ultrasensitive multiplex
ISH/ICC on cytospin samples overcoming limitations of non-adherent cytological samples
that may otherwise prevent their use in this type of experiment. To allow easy customization
depending on the specific needs of a particular project or laboratory, we provide detailed
guidelines for performing such assays in brightfield chromogenic or darkfield fluorescent for-
mats, as well as in manual settings or on automated staining platforms.
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Supporting information

S1 Checklist. NC3Rs ARRIVE guidelines checklist.
(PDF)

S1 Fig. FACS analysis of purified naive and stimulated CD8+ Tcells. Representative FACS
analysis of purified lymphocytes. (A) Lymphocytes were first identified in forward (FSC-A)
and side scatter (S§SC-A) dot plot to exclude debris, percentage represents gated fraction of
total cells. (B) Of the previous population, only living (7-AAD negative) CD8+ T cells (CD8
positive) were considered for marker analysis. Please note that about 97% of purified living
cells were CD8+. (C) The previous CD8+ population was analyzed for expression of CD69,
CD25 and CD62L to access stimulation efficacy.

(TIF)

$2 Fig. Dual CD11c¢ ISH/ CD209 ICC on human monocyte-derived dendritic cells. Repre-
sentative images for dual ISH/ICC on human monocyte-derived dendritic cells. First row
shows populations, second row is the zoomed in inset shown in the population images (white
square). For inset images, split channels for each detector are shown in grey tone images to
help visualization (third, fourth and fifth row).

(TIF)

S3 Fig. Time course controls. While only dual positive images are shown in Fig 4 for simplicity,
here are shown all the controls performed. (A) Detection of CD69. (B) Detection of Notchl. In
both panels: first row shows dual positive staining for ISH/ICC, second row shows ISH-only
control in which specific probe was used in combination with an isotype for ICC. Images in the
third row shows an ICC-only control, i.e. scrambled ISH probe combined with isotype anti-
body. The fourth row shows double negative control (scrambled sequence probe and isotype).
(TIF)

$4 Fig. Cell populations for time course. Cell populations from which insets shown in Fig 4
were taken. Top row shown dual ISH/ICC for CD69, bottom row shows dual ISH/ICC for
Notchl.

(TTF)

S5 Fig. 5-plex experiment quantification. Quantification of signals for ISH and ICC for mul-
tiplex experiment.
(TIF)
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