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Abstract

Diffuse large B-cell lymphomas (DLBCLs) are the most common types of Non-Hodgkin’s lymphomas and are highly het-
erogeneous in terms of phenotype and treatment response. The natural course of DLBCLSs tumor progression is featured by a
flow of events leading to the enhancement of proliferative and invasive capabilities and, therefore, towards the establishment
of a more aggressive phenotype. Angiogenesis is a constant hallmark of DLBCLs progression, has prognostic potential and
promote DLBCLs dissemination. The study of DLBCLs angiogenesis mechanisms, and the tumor endothelium characteriza-
tion, will allow us to identify new prognostic/predictive biomarkers to proper patient selection to antiangiogenic treatment. In
our previous work, by RNAscope technology, we have demonstrated that Janus kinase (Jak) and signal transducer activator
of transcription pathway (STAT) is one of the proangiogenic pathways activated in DLBCLSs and it drives neoangiogenesis
occurred by vasculogenesis mechanism. Here, we describe a detailed protocol to perform RNAscope technology alone and in
combination with immunohistochemistry (called dual RNAscope ISH-IHC) in DLBCLs formalin-fixed, paraffin-embedded
sections. We propose dual ISH-IHC as an extremely powerful method to study angiogenesis in DLBCLs, because it allows
one to answer important biological questions that are difficult to address using other single methods.
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Abbreviations NHLs Non-Hodgkin lymphomas
ACD Advanced cell diagnostics on Overnight
DLBCLs Diffuse large B-cell lymphomas R-CHOP Rituximab, cyclophosphamide, doxorubicin,
ECs Endothelial cells vincristine and prednisone
FFPE Formalin-fixed paraffin-embedded RT Room temperature
FVIII Coagulation factor VIII sec Seconds
IHC Immunohistochemistry STAT3 Signal transducer and activator of transcription
ISH In situ hybridization 3
min Minute/minutes TAM Tumor-associated macrophages
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TRR Target retrieval reagent
WB Washing buffer
Introduction

Diffuse large B-cell lymphomas (DLBCLs), with an inci-
dence of 30%, are the most common types of Non-Hodg-
kin’s lymphomas (NHLs), and are highly heterogeneous in
terms of phenotype and treatment response (Jaffe et al. 2008;
Khosravi Shahi and Perez Manga 2006). Based on morpho-
logical differences and gene expression profiles, DLBCLs
are classified in activated B-cell-like (ABC) and germinal
center B-cell-like (GCB) subtypes, associated with differ-
ent prognoses with the same common treatment. First-line
ABC and GCB common treatment is R-CHOP21 (rituximab,
cyclophosphamide, doxorubicin, vincristine and prednisone)
every 21 days for six cycles (Feugier et al. 2005). Although
a significantly improved survival was attributed to R-CHOP
treatment, a high number of patients remain refractory to
this first-line chemotherapy or experience relapse, with a
resulting poor outcome (Coiffier and Sarkozy 2016). There-
fore, in addition to immuno-chemotherapy, targeted-ther-
apy, radiation-therapy and blood stem cell transplant have
been developed as second/third-line therapies to improve
DLBCLs treatment outcome (Friedberg 2011).

As for most tumors, the natural course of DLBCLs is
characterized by tumor progression, featured by a flow
of events leading to the enhancement of proliferative and
invasive capabilities, toward the establishment of a more
aggressive phenotype (Cacciatore et al. 2012). DLBCLs
progression is the result of an articulated mechanism which
requires the constant crosstalk between tumor cells and the
faulty surrounding microenvironment that promotes tumor
survival and expansion, local invasion/spreading, and escape
from the immunological response (Ungefroren et al. 2011).
Microenvironment cells, such as fibroblasts, endothelial
cells, mast cells, tumor-associated macrophages and lym-
phocytes, release angiogenic growth factors and cytokines,
and angiogenesis are a constant hallmark of DLBCLs pro-
gression, have prognostic potential and promote DLBCLs
dissemination (Ribatti et al. 2013). The study of DLBCLs
angiogenesis mechanisms, with the tumor endothelium char-
acterization, will allow us to identify new prognostic/predic-
tive biomarkers to proper patient selection to antiangiogenic
treatment as first-line therapy.

It is known that the Janus kinase (JAK) and signal
transducer activator of transcription (STAT) pathways are
involved in NHLSs, and a high nuclear expression of STAT3
is associated with unfavorable prognosis in DLBCLs (Pan
etal. 2018; Wu et al. 2011). In our previous work, we have
also demonstrated a higher STAT3 mRNA expression
in ABC compared with GCB by RNAscope technology,
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moreover, we have demonstrated that ABC blood vessels
are lined by FVIII*/STAT3" endothelial cells, underlying
that neoangiogenesis occur by vasculogenesis mechanism
(Tamma et al. 2019).

RNAscope technology is a new cutting edge in situ
hybridization (ISH) technology based on probe design
strategy that enables simultaneous signal amplification and
background noise suppression, patented by advanced cell
diagnostics (ACD). By RNAscope technology, it is possible
to detect even small amounts of RNA at resolution level of
single probe visualization in individual cells. The RNAscope
approach can be used with archival formalin-fixed and par-
affin-embedded (FFPE) tissue samples on glass slides, and
the stained slides can be visualized under standard bright-
field microscope, fluorescent microscope, or laser confocal
scanning microscope depending on the type of colorimetric
detection used (Wang et al. 2012). The newest approaches
are based on the association of ISH and immunohistochem-
istry (IHC), called dual RNAscope ISH-IHC, a powerful
technique allowing the integration of molecular information
with histopathology for optimal clinical interpretation. The
RNAscope technology is the perfect assay to evaluate, with
high sensitivity and specificity, the gene expression in situ
in routine clinical specimen types in combination with THC.

In this study, working on human formalin-fixed paraf-
fin-embedded (FFPE) biopsies of patients diagnosed with
DLBCLs, we applied, on the same sections, ISH for the
STAT3 mRNA detection by RNAscope, in combination
with FVIII protein expression by immunohistochemistry. We
show detailed and extensive protocols, with tricks, to per-
form STAT3 RNAscope and STAT3/FVIII dual RNAscope
ISH-IHC on DLBCLs, and we indicate how to scan and
analyze the slides by Aperio ScanScope CS and by Trainable
Weka Segmentation plugin of Fiji, respectively. We propose
RNAscope dual ISH-THC as an extremely powerful method
to study angiogenesis in DLBCLs, because it allows one to
answer important biological questions concerning angiogen-
esis mechanisms and endothelium features that are difficult
to address using other single methods.

Materials and methods
Patients

Tissue samples from patients diagnosed with DLBCLs were
collected from the archive of the Section of Pathology of
the University of Bari, Hospital Policlinico, Bari, Italy. All
procedures were in accordance with the institutional and
national ethical standards and signed informed consent from
individual patients were obtained to conduct the study. All
patients had pathologically confirmed DLBCLs.
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STAT3 RNAscope protocol on DLBCLs biopsies

RNA ISH was performed on DLBCL FFPE biopsies, sec-
tioned for no more than 2 months, using RNAscope® 2.5 HD
Reagent RED Kit (Cat no. 322350, Advanced Cell Diag-
nostics (ACD) Hayward, CA) in 2 days (see the workflow
in Fig. 1).

In the first day, the sections were deparaffinized by heat-
ing slides at 60 °C for 1 h in the HybEZTM Oven (Cat no.
310010), and subsequently by dipping the slides in fresh
xylene, two times for 5 min each, working in a fume hood
with the staining dish. Afterwards, sections were dehydrated
in fresh 100% ethanol, two times for 1 min, working in a
fume hood with the staining dish. The sections were then
air dried for at least 1 h at room temperature (RT) until they
were completely dried to facilitate the target retrieval. Dur-
ing this break to save time, Target Retrieval Reagent (TRR)
(Cat no. 322000, ACD), wash buffer (WB) (Cat No. 310091,
ACD), Gill’s I hematoxylin solution (Cat. no. 1 GHS132,
Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) and
ammonia water (Cat. no. 30501, Honeywell, Fluka) were
prepared: for 1 X TRR, were added 70 ml of 10X TRR
concentrate to 630 ml of distilled water; for 1 Xx WB, were
added 60 ml of 50 x WB concentrate, pre-warmed at 40 °C
for 30 min, to 2.94 1 of distilled water; Gill’s I hematoxylin
solution were filtered with 0.22 um pore size syringe filter
and stored at RT protected from light; for 0.02% ammo-
nia water solution, were added 1.43 ml of 1 N ammonium
hydroxide solution to 250 ml of distilled water. After drying,
the sections were incubated with three drops of hydrogen
peroxide (pretreat-1 solution) for 10 min in the dark to block
endogenous peroxidase activity. From this passage onwards,
where the number of drops of specific solutions will be indi-
cated, it should be remembered that the sections were cov-
ered with coverslips to favor the diffusion of the specified
solutions and to lower the kit costs (1 kit is usually sufficient
to process 20 sections, but with coverslips, the yield can be
doubled). After the sections were washed in distilled water
two times for 1 min, balanced in boiling distilled water for
10 s (sec) and immersed in TRR (pretreat-2 solution) for
15 min at 98-102 °C using a heating plate (it is possible to
recycle the same TRR twice without affecting the results).
Later, the sections were washed in distilled water two times
for 1 min, dehydrated in 100% ethanol for 1 min and air
dried for at least 1 h at RT. Finally, a hydrophobic barrier
was created with ImmEdge Hydrophobic Barrier Pen (Cat.
no. 310018, ACD) and the sections were left overnight at RT
to facilitate the barrier drying.

In the second day, the HybEZ™ QOven was turned on at
40 °C for at least 30 min, a humidifying paper wet with 50 ml
of distilled water was placed in the HybEZ™ Control Tray
to avoid excessive evaporation during probes and AMP1-6
incubation. The reagents AMP1-6 from the detection kit

were kept at RT, the probes were pre-warmed at 40 °C for
at least 10 min in a water bath, and the Glycergel Mounting
media were kept at 40 °C until slides were mounted. After
this first preparatory phase, the sections were incubated with
two drops of protease (pretreat-3 solution; Cat no. 322331,
ACD) to provide better access to RNA target, for 30 min
at 40 °C using the HybEZ™ QOven (Cat no. 310010, ACD)
(this oven was used in all subsequent steps where the incu-
bation temperature is higher than the RT, because it avoids
excessive evaporation and keeps the temperature constant).
The slides were then washed twice in distilled water and
hybridized with two drops of Hs-STAT3 (Cat no. 425631,
ACD), or dapB (Cat No. 310043, ACD), or Hs-PPIB (Cat
no. 313901, ACD) probes for 2 h at 40 °C, washed in WB
two times for 2 min each (hereinafter referred to as WB
2 x2), incubated with two drops of AMP-1 (all the AMP are
from the Detection kit, Cat no. 322360, ACD) for 30 min
at 40 °C, washed in WB 2 X 2, incubated with two drops of
AMP-2 for 15 min at 40 °C, washed in WB 2 X 2, incubated
with two drops of AMP-3 for 30 min at 40 °C, washed in
WB 22, incubated with two drops of AMP-4 for 15 min
at 40 °C, washed in WB 2 x 2, incubated with two drops of
AMP-5 for 30 min at RT, washed in WB 2 X 2, incubated
with two drops of AMP-6 for 15 min at RT, and washed in
WB 2x2. Keeping the sections in WB, the Fast-RED (Cat
no. 322360, ACD) was prepared, mixing 1 pl of Fast-RED
A with 60 pl of Fast-RED B, and 61 pl of this mixture was
used for one section for 10 min at RT. After washing under
flowing tap water for 2 min, the sections were counterstained
with Gill’s I hematoxylin for 2 min (directly placed on the
sections and not by immersion), washed under flowing tap
water for 2 min, immersed in bluing reagent 0.02% ammonia
water for 30 s, washed under flowing tap water for 2 min and
finally mounted with Glycergel Mounting media (Cat. no.
C0563, Agilent Dako, Santa Clara, CA).

The sections were then examined with an Olympus photo-
microscope (Olympus Italia, Rozzano, Italy) to evaluate the
probe’s red spot signals and subsequently intended to images
acquisition or to dual ISH-IHC processing.

RNAscope ISH slide scanning and analysis

Sections were scanned using the whole-slide morpho-
metric analysis scanning platform Aperio ScanScope CS
(Leica Biosystems, Nussloch, Germany) at 40X magni-
fication and stored as digital high-resolution images on
the workstation associated with the instrument. Fast-RED
semi-quantitative image analysis was performed on ten
randomly selected fields observed at 40X magnification
using the color deconvolution plugin for Fiji Image] (for
more details see “Using ImagelJ to analyze RNAscope®
and Base ScopeTM data, ref. TS 46-003, on https://acdbi
o.com/). Briefly, the TIFF section images were commuted
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sHeating slides at 60°C for 1 h

*Dipping slides in xylene twice for S min
*Dehydrated in 100% ethanol twice for 1 min

* Air dried sections ~ 1 hat RT

*Prepare TRR. WB, Gill's I hematoxylin and Ammonia water
*Incubate sections with 3 drops of H,O, for 10 min in the dark
*dH,O twice for 1 min

* Acclimatization in boiling dH,0 for 10 sec

*TRR for 15 min at 98-102°C

*dH,O twice for 1 min
*Dehydrated in 100% ethanol twice for 1 min

*Air dried sections ~ 1 hat RT

#Create hydrophobic barrier

*Air dried sections at RT

1*day RNAscope

Tum on at 40°C the HybEZ™ Oven

Wet paper with 50ml of dH,0 and put it in the HybEZ™ Control Tray
Keeping the AMP1-6 at RT

pre-wanmed the probes at 40°C for 10 min
Keeping the Glycergel Mounting media at 40°C until slides were mounted
Incubate sections with 2 drops of protease for 30 min at 40°C
dH,0 twice for 1 min

Incubate sections 2 drops of probes for 2 h at 40°C

WB twice for2 min

Incubate sections with 2 drops of AMPI1 for 30 min at 40°C
WB twice for 2 min

Incubate sections with 2 drops of AMP2 for 15 min at 40°C
WB twice for 2 min

Incubate sections with 2 drops of AMP3 for 30 min at 40°C
*WB twice for2 min

#Incubate sections with 2 drops of AMP4 for 15 min at 40°C
*WB twice for2 min

Incubate sections with 2 drops of AMPS for 30 min at RT
WB twice for 2 min

*Incubate sections with 2 drops of AMP6 for 15 min at RT
WB twice for 2 min

Incubate sections with Fast-RED for 10 min at RT
Flowing tap water for 2 min

Gill's I hematoxylin for 2 min

Flowing tap water for 2 min

Ammonia water 30 sec

Flowing tap water for 2 min

Mounting slides

Fig. 1 RNAscope workflow illustration. The RNAscope protocol for ond day, the major steps are the protease pretreatment, target probe
DLBCLs biopsies is divided in 2 days. In the first day, the major steps hybridization, signal amplification and signal detection. In the sec-
are the deparaffinization and the pretreatment with TRR for which to ond day, it is crucial to pay attention to the different steps at RT or at
reach the specified temperature interval is a crucial step. In the sec- 40 °C, and is important to work in a humidifying chamber
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in jpag format with paint software, open in Fiji Image],
deconvoluted by Color Deconvolution by ROI function
to obtain single-channel-splitted images. The Fast-RED-
splitted images for probes and hematoxylin ones for
nuclei were analyzed by Trainable Weka Segmentation

plugin, adjusted for the threshold and evaluated by the
analyze particle function to define the number of probes
per nuclei (Fig. 2). The mRNA expression was assessed
as number of Fast-RED-positive probes. Results are given
as mean + SD.

RNAsco ISH

Number of STAT3 spots per cell

C

Fig.2 RNAscope STAT3 mRNA expression in DLBCLs biopsies.
The RNAscope assay on DLBCLs biopsies shows the positivity for
PPIB (a housekeeping gene coding for peptidylprolyl isomerase B)
(a) and the negativity for dapB (a bacterial gene coding for dihydrodi-
picolinate reductase) (a) resulting in a good mRNA quality. STAT3

DLBCL C DLBCL-D

mRNA expression in two DLBCLs biopsies (¢, d) is quantify as num-
ber of spots per cell as shown in the histogram (e). Number of STAT3
red spots per cell is 2.91+0.48 in ¢ and 7.02+0.55 in d. Scale bar
a—d 60 um
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STAT3/FVIil dual RNAscope ISH-IHC

After the bright-field microscope examination, the same
DLBCLs sections used for RNAscope assay, since Fast-RED
produces a red signal detectable in bright-field and fluores-
cent microscopy, were undergo to immunofluorescence reac-
tion for FVIII protein detection.

The coverslip was removed immersing the slides in dis-
tilled water in an oven at 60 °C. After several washing in
PBS, the slides were kept 2 h in a blocking buffer [BB; P
S pH 7.4+ 1% bovine serum albumin (BSA)+ 10% normal
goat serum (NGS)]; afterwards, the sections were exposed
to rabbit anti-FVIII antibody (diluted 1:50; Cat. no. A0082,
Agilent Dako, Santa Clara, USA) overnight at room tem-
perature, followed by secondary antibody goat anti-rabbit
Alexa-fluor 488 (Cat. no. R37116, Invitrogen, Carlsbad, CA,
USA) diluted 1:300 in PBS for 2 h. After counterstaining
with 0.01% TO-PRO-3 (Invitrogen) for 20 min for nuclear
staining, slides were mounted with Vectashield® Antifade
Mounting Medium. As controls, the primary antibody was
omitted. The sections were examined under a Leica TCS
SP2 (Leica, Wetzlar, Germany) confocal laser scanning
microscope using 40 X and 63 X objective lenses with either
1 xor 2 X zoom factors (Fig. 3). A sequential scan procedure
was applied during image acquisition and confocal images
were taken at 0.2 um intervals through the z-axis of the sec-
tion. Images from individual optical planes and multiple
serial optical sections were analyzed, digitally recorded and
stored as TIFF files using Adobe Photoshop software (Adobe
Systems).

Statistical analysis

Statistical significance of STAT3 mRNA expression in
DLBCLs biopsies was performed using one-way ANOVA
analysis and Bonferroni post hoc tests to compare replicate
with GraphPad Prism 5.01 (GraphPad Software, SanDiego,
CA, USA) and p <0.05 was considered as the limit for sta-
tistical significance.

Results and discussion

It is well established that the oncogene STAT3 is consti-
tutively over-expressed, active and is associated with a
poorer prognosis in DLBCLs (Ding et al. 2008; Wu et al.
2011). It is a crucial component of the JAK/STAT signal-
ing pathway required in many processes such as inflamma-
tion, immune suppression, and tumorigenesis by regulating
the expression of various target genes, including cell-cycle
regulators, angiogenic and apoptotic factors (Wake et al.
2015). In this work, to better understand the role of STAT3
in angiogenesis during DLBCLs and by the means of
RNAscope technology, we showed that STAT3 mRNA is
abundantly (at least more than two STAT3 molecules per
cell) expressed in DLBCLs, but there is also a consider-
able heterogeneity between different patients. In fact, the
semi-quantitative STAT3 mRNA expression analysis, as
number of red spots per cell, in the two representative
DLBCL patients, indicated as DLBCL-C and -D, showed
that the number of STAT3 spots per cell could fluctuate a
lot (Fig. 2 data expressed as mean=+ SD: 2.91+0.48 in C
and 7.02 +0.55 in D). Furthermore, we showed that tumor
vessels are delimited by cells double positive to both
endothelial cell marker FVIII and the pleiotropic STAT3
indicating vasculogenesis as one of the possible angiogen-
esis mechanism that occurring in DLBCLs (Ruggieri et al.
2017; Tamma et al. 2019). STAT3 expression on DLBCLs
endothelial cells could be represented an important indica-
tion for the personalized antiangiogenic therapy consider-
ing the individual patient features.

Neoangiogenesis has a main role on cancer progres-
sion, so much so that it was established as a hallmark of
tumor growth and it can arise in a variety of forms such as
sprouting angiogenesis, intussusceptive angiogenesis, vas-
cular co-option, vasculogenic mimicry, postnatal vasculo-
genesis, and by the differentiation of putative cancer stem
cells into endothelial cells (Ribatti 2014; Annese et al.,
2019). In the same tumor, all these alternative mechanisms

Dual STAT3 ISH/

Fig.3 STAT3 dual IHC/FVIII IHC confocal microscopy. Confocal fluorescence evaluation of dual STAT3 mRNA (a, b red spots) and FVIIL
protein (a, ¢ green signal) in DLBCLs biopsies show a tumor vessels lined by STATA3*/FVIII* endothelial cells (arrows). Scale bar a—¢ 10 um
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could occur simultaneously or as an alternative way to
the main mechanisms making conventional antiangio-
genic therapies, such as Bevacizumab, ineffective (Bottos
and Bardelli 2013). Moreover, the antiangiogenic therapy
could be ineffective, because the angiogenesis mechanisms
active during tumor could be different, depending on the
stage of the tumor progression or because the new vascu-
lature is aberrant with a suboptimal perfusion (Bottos and
Bardelli 2013).

Mutation or amplification of oncogenes, and inactivation
or deletion of oncosuppressor genes can drive tumorigen-
esis directly promoting cancer cell proliferation and survival,
and indirectly influencing the tumor microenvironment.
This plays a fundamental role in supporting tumor growth
and resistance to antiangiogenic therapy (Roma-Rodrigues
et al. 2019). STAT3 can directly stimulate angiogenesis act-
ing on endothelial cells (sprouting angiogenesis) or indi-
rectly acting on inflammatory cell recruitment, as recently
demonstrated for CD163* tumor-associated macrophages
(TAM) and CD8* T-lymphocytes (Tamma et al., 2019). This
suggests that the oncogenes’ inhibition could have a dou-
ble effect on cancer cells and on tumor microenvironment
restoring a normal and functional vasculature and blocking
the specific angiogenic mechanism activated by individual
tumors (Bottos and Bardelli 2013). For example, in a pre-
clinical model of squamous cell carcinoma, by endothelial
cell tube formation in vitro and by a murine tumor xenograft
models, it was demonstrated that STAT3 decoy oligonucleo-
tide inhibits tumor angiogenesis targeting both the tumor
cells and vascular compartments (Klein et al. 2014).

In such a context, where tumors are highly various in
the different progression stage and patients are heteroge-
neous in terms of phenotype and treatment response, new
approaches to study specific patients’ features are needed.
RNAscope dual ISH-THC technology could be one of the
most diffuse techniques for observing neoangiogenesis on
tumors at single-vessel cell resolution. The evaluation of
mRNAs and proteins on the same tissue section, keeping the
morphological context usually missing in conventional tech-
niques, is difficult and time consuming with classical single
methods, such as real-time PCR and western blotting with
mRNAs/proteins extracted from FFPE tissues, especially
in case of precious human samples. The yield of classical
techniques on FFPE tissues is very low in terms of quantity
of total mRNAs/proteins and, therefore, the possibilities of
investigation for multiple mRNA/protein targets on the same
sample are reduced. Furthermore, these techniques are prone
to interference from other types of unwanted cells, such as
non-tumor cells, and from other unwanted tissue elements,
such as fibrosis and necrosis.

Most pathologists preferred immunohistochemistry-based
techniques, because are rapid and relatively inexpensive
methods, allowing the simultaneous evaluation of a staining

pattern, tissue architecture and tumor cells. Potentially,
RNAscope dual ISH-IHC can be interpreted with fewer
malignant cells than are needed for successful interpreta-
tion by fluorescence in situ hybridization (FISH) or other
molecular technologies, usually used to evaluate aberrant
gene expression in tumor.

Indeed, to simplify the standard in situ hybridization pro-
tocols, we provided a detailed one about reagents and equip-
ment required, RNAscope and RNAscope dual ISH-IHC
procedures, and how to scan and analyze the slides. We
recommend the free Trainable Weka Segmentation plugin
to successfully semi-quantify the number of spots per cell
allowing an economic image processing and analysis to
reduce the costs compared to the paid semi-quantitative
counting software such as HALO™ software system from
Indica Labs. A potential limitation of this plugin is the
impossibility to classified the cells with a scoring methodol-
ogy based on ACD scoring criteria (see https://acdbio.com/
technical-support/solutions). This because the human eyes
do not have such a high resolution to distinguish the indi-
vidual spots joined in clusters. Moreover, it would be exces-
sively laborious to perform manual calculations considering
the single probe signal intensity for each cell.

Overall, we suggest that combining ultrasensitive
RNAscope ISH with standard IHC on FFPE sections will
prove to be an important technique in the oncology fields. A
detailed knowledge of the main tumor angiogenic dynamics
that take place in DLBCLs will provide new insights that
are essential for clarifying which subgroup of patients will
really benefit of antiangiogenic therapy as part of first-line
treatment or in a relapsed/refractory setting.
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