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Tissue clearing and
immunostaining to visualize
the spatial organization of
vasculature and tumor cells
in mouse liver

Nicola Frenkel, Susanna Poghosyan,
Jan Willem van Wijnbergen, Lotte van den Bent,
Liza Wijler, André Verheem, Inne Borel Rinkes,
Onno Kranenburg and Jeroen Hagendoorn*

Laboratory for Translational Oncology, University Medical Center Utrecht, Utrecht, The Netherlands
The liver has a complex and hierarchical segmental organization of arteries,

portal veins, hepatic veins and lymphatic vessels. In-depth imaging of liver

vasculature and malignancies could improve knowledge on tumor micro-

environment, local tumor growth, invasion, as well as metastasis. Non-invasive

imaging techniques such as computed tomography (CT), magnetic resonance

imaging (MRI) and positron-emission transmission (PET) are routine for clinical

imaging, but show inadequate resolution at cellular and subcellular level. In

recent years, tissue clearing – a technique rendering tissues optically transparent

allowing enhanced microscopy imaging – has made great advances. While

mainly used in the neurobiology field, recently more studies have used

clearing techniques for imaging other organ systems as well as tumor tissues.

In this study, our aim was to develop a reproducible tissue clearing and

immunostaining model for visualizing intrahepatic blood microvasculature and

tumor cells in murine colorectal liver metastases. CLARITY and 3DISCO/iDISCO+

are two established clearing methods that have been shown to be compatible

with immunolabelling, most often in neurobiology research. In this study,

CLARITY unfortunately resulted in damaged tissue integrity of the murine liver

lobes and no specific immunostaining. Using the 3DISCO/iDISCO+method, liver

samples were successfully rendered optically transparent. After which,

successful immunostaining of the intrahepatic microvasculature using

panendothelial cell antigen MECA-32 and colorectal cancer cells using

epithelial cell adhesion molecule (EpCAM) was established. This approach for

tumor micro-environment tissue clearing would be especially valuable for

allowing visualization of spatial heterogeneity and complex interactions of

tumor cells and their environment in future studies.

KEYWORDS

tissue clearing, liver vasculature, CLARITY, 3DISCO, iDISCO, tumor micro environment,
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Introduction

The liver consists of a complex and hierarchical segmental

organization of arteries, portal veins, hepatic veins, and lymphatic

vessels. These are also a crucial component of the liver-tumor

micro-environment and play an important role in processes such

as local tumor growth, invasion, as well as onward metastasis. For

visualization of the three-dimensional (3D) liver vessel organization

and malignancies, imaging techniques such as computed

tomography (CT), magnetic resonance imaging (MRI) and

positron-emission transmission (PET) are used clinically.

However, for fundamental and translational research, these

imaging techniques lack the appropriate cellular resolution for

three-dimensional imaging at tissue level (1, 2).

Traditionally, histological techniques such as immunohistochemistry

can provide excellent cellular and subcellular resolution. However, they

require thin tissue sections ranging in thickness between 3 and 5 µm due

to imaging depth constraints. 3D renderings can be constructed by

means of serial sectioning and post-image reconstruction, a labor

intensive and therefore inefficient process. Moreover, sectioning causes

tissue damage, distortion and artifacts (1–6). Therefore, tissue clearing, an

approach clarifying tissues by reducing light scattering and absorption

hereby improving high resolution imaging depth, provides a promising

alternative to visualize liver vasculature and malignancies. The first

attempts at tissue clearing were performed over 100 years ago (7, 8).

Since then, various tissue clearing methods have been devised, adjusted,

and optimized. Clearing agents improve the trajectory of light through

tissues by eliminating certain biomolecules such as lipids and light-

absorbing pigments, hereby homogenizing the refractive index of the

tissue, rendering the tissue “transparent” (1–6). (Figure 1A) The ideal

method should yield excellent clearing while also maintaining native

tissue architecture, preserve endogenous fluorescent proteins, and

allowing specific immunolabeling. Generally, three groups of current

clearing methods exist: 1) Organic-solvent based (such as 3DISCO,

iDISCO, BABB) 2) aqueous-based (such as CLEAR, Scale, SeeDB,

CUBIC, FRUIT), and 3) hydrogel embedding (such as CLARITY,

PACT, PARS). Compared to thin tissue sections of only several

micrometres used for histological techniques, successful clearing and

imaging has been established for thick tissue sections and even whole

mouse organs, reaching excellent imaging depths of several millimetres

(1–6).

While some tissue clearing methods have been shown to render

liver tissue reasonably optically transparent, liver tissue clearing is

generally hampered by its high content of light-absorbing heme (9–15).

Moreover, optimal tissue clearing involves the use of strong organic

solvents or detergents which affect native biomolecules and tissue

architecture to the point of them being severely altered, damaged or

lost (2, 3, 6, 16). Here, our aim was to develop a robust and

reproducible murine tissue clearing and immunostaining model for

the visualization of intrahepatic blood microvasculature, as well as

tumor cells in murine colorectal cancer (CRC) metastases. As the

clearing methods CLARITY and 3DISCO/iDISCO+ are well

established for compatibility with immunolabelling, albeit mainly in

the neurobiology field, these methods were investigated for clearing
Frontiers in Oncology 02
and immunolabelling liver tissue and CRC metastasis samples. We

showed that the hydrogel-based CLARITY with passive clearing

method in liver tissue resulted in tissue integrity unsuitable for

immunolabelling. Using 3DISCO/iDISCO+, we could successfully

render liver and CRC tumor samples optically transparent and

immunolabel the intrahepatic endothelial system as well as CRC

metastases, making this approach a suitable technique for future

studies of intrahepatic vasculature as well as the spatial heterogeneity

and interactions of tumor cells and their environment in future studies.
Materials and methods

Tumor organoid culture

From a previously described transgenic mouse model with

conditional activation of the Notch1 receptor as well as a p53

deletion in the digestive tract (17), organoids were derived from

spontaneously formed colon tumors. All of the derived tumors

showed mutations of either Ctnnb1 or Apc genes, implicating

classical Wnt pathway activation (17). Organoids were FACS-

sorted after being transduced using a lentiviral vector expressing

luciferase and tdTomato (pUltra-Chili-Luc, Addgene #48688).

Culturing was done at 37°C in a humidified atmosphere

containing 5% CO2 using a 3D matrix structure (droplets of

Growth Factor Reduced Basement Membrane Extract (BME;

Amsbio) and Advanced DMEM/F12 (Thermo Fisher Scientific)

medium which was supplemented with 1% Penicillin-Streptomycin

(Gibco), 1% HEPES buffer, 2 mM Glutamax (Invitrogen), 2% B27

supplement (Invitrogen), 100 ng/ml Noggin (produced by lentiviral

transfection), 10 nM murine recombinant FGF (PeproTech) and 1

mM n-Acetylcysteine (Sigma-Aldrich). Passaging was done weekly

using TrypLE Express (Gibco) and medium was refreshed biweekly

or earlier if needed based on organoid density.
Animals

Male C57BL/6 (for non-tumor optical clearing experiments) and

C57BL/6NCrl mice (for colorectal (CRC) tumor inoculation

experiments), aged 8-10 weeks, were housed in groups of maximum

5 animals per cage in open cages with tissues and contact bedding. The

animals were kept on a 12:12 h light (7AM)/dark (7PM) cycle at 20-24°

C, 45-60% humidity and received water and AIN-93M pellets (Ssniff

Spezialdiäten GmbH) ad libitum. Mice were acclimated for minimally

1 week before tumor inoculation. All mice were assessed biweekly for

body weight and physical tumor progression. Bioluminescent imaging

was performed in vivo weekly to monitor tumor progression and

metastasis formation. Mice were anesthetized using isoflurane 4% for

induction and 2% for maintenance, with 1.6 l/min oxygen. They

received an intraperitoneal injection with 100 mL of D-luciferin

(VivoGloTM Luciferin, Promega) in PBS. Mice were then imaged at

1s exposure/image for 5min, using the PhotonIMAGERTMRT system

(Biospace Lab, Paris, France) an d M3 Vision software (Biospace Lab).
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In vivo surgical inoculation of colorectal
cancer organoids

Mice were anesthetized using isoflurane and analgesic

buprenorphine (0.1 mg/kg) was administered subcutaneously.

Colorectal cancer organoids were dissociated using TrypLE

(Gibco). A total of 250.000 single cells were embedded in 6mL of

75% Rat Tail Type I Collagen (Corning) droplets and 25%

neutralization buffer; AlphaMEM powder (Life Technology), 1

M HEPES buffer pH 7.5 (Invitrogen) and NaHCO3 (Sigma). The

organoids were left to recover overnight. The next day, the cecum

was exposed by median laparotomy. A small 2mm incision was

made into the cecum using a scalpel and bleeding was stemmed

using cotton tips. The collagen drops containing 1-day old CRC

organoids were shortly air-dried and gently pushed into the

incision site, and afterwards sealed by placing Seprafilm

(Genzyme) over the incision site. The peritoneum wall and skin

were then sutured. Mice were monitored closely for 2 days to

ensure proper incision closure. Upon signs of tumor growth and

metas tas i s format ion , de termined c l in ica l ly and by

bioluminescence imaging, mice were sacrificed and samples

were harvested as stated below.
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Tissue clearing method: CLARITY

The CLARITY method has been previously described (18). To

form the hydrogel monomer (HM) solution, the following were

combined cold and kept on ice: (in total volume 400ml) 4%

acrylamide (BioRad), 1x TBS, 4% PFA, 0.25% VA-044 (FujiFilm), in

220ml dH2O. HM solution was stored in 50ml Falcon tubes at -20°C.

On the day of the experiment, the HM solution was thawed on ice and

gently mixed by inverting. A dedicated mouse surgery room was used.

All operations were performed during the afternoon. After anesthesia,

mice were given Temgesic (0,3mg/ml, Indivior Europe Limited) by

subcutaneous injection preoperatively at 0.05 mg/kg. Median

laparotomy was performed, the diaphragm was cut, the xiphoid was

lifted and held in place with a clamp and the heart was exposed. A 23G

needle was inserted into the left ventricle and the right atrium was

opened with a small cut. Transcardial perfusion was performed using

an infusion pump to infuse first 20ml ice-cold PBS and 20ml ice-cold

HM solution immediately afterwards. Liver lobes were harvested and

were placed in a 50ml Falcon tube containing ice-cold 30ml HM

solution. Murine liver lobes differ in size (as seen in Figure 2). The liver

lobe samples had a maximum length of 30mm andmaximumwidth of

20mm, with a maximum thickness of 10mm. The liver lobes were
A B

D

C

FIGURE 1

Whole organ tissue clearing using CLARITY and 3DISCO/iDISCO methods. (A) A tissue’s opacity is mainly caused by light scattering (due to the
heterogeneity of the tissue components optical characteristics or refractive indexes) and light-absorbing compounds such as heme. Light scattering
and light absorption hinder the light as it travels through a tissue. By using tissue clearing techniques, lipids are extracted and refractive indexes are
better matched. Steps to remove light absorbing compounds are taken. The result is a “transparent” tissue in which microscopy imaging depth has
greatly been improved. (B) CLARITY is a tissue clearing method which uses a tissue-gel hybrid to support and maintain the tissue’s architecture.
(C) 3DISCO and iDISCO methods do not make use of a hydrogel scaffold like CLARITY, but use organic solvents instead for optical tissue clearing.
(D) In a murine model, colorectal cancer organoids were implanted into the mouse cecum, after which the tumor cells spontaneously metastasized
to the liver. Liver tumor samples were harvested and used to establish a tumor tissue clearing protocol.
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incubated at 4°C for 12hrs. As preparation for tissue embedding,

oxygen must be removed from sample tubes as oxygen inhibits

hydrogel polymerization. A layer of mineral oil of 5mm thick was

placed on top of the HM solution. The falcon tube was then placed in a

37°C water bath for 3-4 hrs. The liver lobes were extracted carefully

from the solidified hydrogel and the hydrogel was removed from the

sample surfaces using gentle rubbingmotion with disposable Kimwipes

(Kim Tech). Liver lobes samples were washed 2x for 24hrs in 50ml

SDS/Boric Acid clearing solution (SBC) solution (stock solution: 20%

SDS (Roche) and 1M boric acid buffer (Sigma) in H2O (pH adjusted

using NaOH to pH 8.5). Final clearing solution was freshly prepared

each time by diluting stock solution fivefold in H2O). The sample was

then incubated at 37°C on a swivel platform in SBC solution for several

weeks (for the complete liver lobes incubation time of 5-6 weeks was

used). Fresh clearing solution was added 2x a week. Afterwards,

samples were washed 2x with PBST (PBS + 0.1% Triton X-100

(Sigma)) at 37°C on a swivel platform for 24hrs each wash. Samples

were incubated with primary antibodies in PBST for 7 days at 37°C on

a swivel platform. To the Ab/PBST solution, 0.01% sodium azide

(Merck) was added to prevent microbial growth. Samples were washed

for 2-3 days in PBST buffer at 37°C on a swivel platform. Fresh buffer

was added every 4-6hrs. Then samples were incubated with secondary

antibodies and DAPI in PBST buffer for 2-3 days at 37°C on a swivel
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platform. Antibodies used were (at 1:50) Phalloidin-Actin Alexa 488

(A12379, Life Technology), Phalloidin-Actin Alexa 568 (A12380, Life

Technology), CD31 (01951D Pharmingen, sc-1505 Santa Cruz), vWF,

panendothelial marker MECA-32 (120502, Biolegend). Secondary

antibodies (1:200): Goat anti-Rat Alexa 488, Donkey anti-Goat Alexa

488, Donkey anti-Sheep Alexa 647 (Invitrogen). DAPI (Biolegend) was

used at 1:100. After immunolabelling, samples can be stored in PBST

with 0.01% sodium azide at 4°C. For refractive index homogenization,

before imaging, samples were submerged in glycerol for 24hrs in the

dark at room temperature. Once the tissues are cleared, imaging with

Ultramicroscope II (LaVision BioTec) lightsheet microscope or

confocal microscopy (Zeiss LSM700) was performed. Imaging

analysis was performed using Imaris software (Version 8.4, Bitplane).
Tissue clearing method: 3DISCO/iDISCO+

The 3DISCO/iDISCO+method has been described previously (3,

19–21). Mouse transcardial perfusion and sample harvesting were

performed as described above using ice-cold PBS and 4% PFA

(Sigma). Liver lobes were extracted. The liver lobes had a

maximum length of 30mm and maximum width of 20mm, with a

maximum thickness of 10mm. The median, left and right lobes were
A

B

FIGURE 2

Tissue clearing using hydrogel-based CLARITY method. (A) Time range showing the passive clearing process for different liver lobes. (B) Before
immunolabeling, adequate transparency of tissue was reached for the liver lobes. As passive clearing required several weeks of the tissues being in
contact with strong detergent solutions before they were rendered adequately transparent for imaging, the samples became extremely fragile and
would easily fragment during experimental handling.
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cut into smaller samples with a maximum length of 20mm and

maximum width of 10mm, maximum thickness of 10mm. The

smaller caudate lobes were cut in half (maximum length 5mm x

width 5mm, maximum thickness 3-4mm) and used for antibody

validation (after antibodies had been tested in immunolabeling on

immunohistochemistry (IHC) and frozen sections, see Figures 3E, G).

Liver samples were incubated in 50ml Falcon tubes in ice-cold 4%

PFA for 12hrs. The next day, samples were left for 1hr at RT on a

roller bank and washed 3x with PBS for 30min. Samples were

dehydrated using MeOH (Merck)/PBS: 50-80-100% MeOH, 1,5hr

for each step at RT with agitation. Samples were then transferred to a

solution of MeOH and 6% H2O2 (Merck) for bleaching and left to

incubate overnight at 4°C, protected from light. Afterwards, samples

were rehydrated in 100% MeOH (2x), 80% and 50% MeOH in PBS,

1,5hrs at RT with agitation for each step. Samples were then

incubated in PBSGT (0.2% gelatin (Sigma, from porcine skin) and

0.5% Triton X-100 (Sigma) in PBS) at RT for 24hrs – 4 days

depending on sample size. Samples were incubated with primary

antibodies in PBSGT + 0.1% saponin (ThermoFisher) for 7 - 14 days

depending on sample size at 37°C on swivel platform. Samples sized

20mm x 10mm were incubated for 14 days, while smaller samples

(caudate lobes) sized 10mm x 10mmwere incubated for 7 days. After

washing 6x with PBSGT at RT with agitation, samples were incubated

with secondary antibodies and DAPI in PBSGT and 0.1% saponin

overnight – 2 days depending on sample size at 37°C on swivel

platform. Smaller samples of 5x5mmwere incubated overnight, while

the larger samples of 20x10mm were incubated for 2 days. To avoid

precipitates, secondary antibody solutions were passed through

0.22mm filter. Antibodies used (1:500): Epcam (SinoBiological,

50591-R002) and Panendothelial marker MECA-32 (120502,

Biolegend). Secondary antibodies (1:500) were Goat anti-Rat Alexa

568 and Goat anti-rabbit Alexa 647 (Invitrogen). DAPI (Biolegend)

was used at 1:100. Samples were washed 6x with PBSGT at RT with

agitation. Samples could be stored at 4°C until clearing. Clearing step:

20-40-60-80-100% MeOH/PBS, 1 hr for each step at RT under

agitation, protected from light. Then incubation for 3hrs –

overnight in 2/3 DCM (ThermoFisher) + 1/3 MeOH, protected

from light. Then samples were incubated in 100% DCM 30min

and transferred to 100% DBE (Sigma) until cleared. Sample can be

kept in DBE at RT protected from light, in glass vial. Once the tissues

were cleared, imaging with light sheet microscopy (Ultramicroscope

II, LaVision BioTec) or confocal microscopy (Zeiss LSM700) was

immediately performed. When using the light sheet microscope, the

imaging chamber was filled with DBE containing the sample. Due to

tissue shrinkage inherent during this clearing protocol, final tissue

thickness when used for imaging was a maximum of 5-6mm where

an imaging depth of 5mm was reached. Imaging analysis was

performed using Imaris software (Version 8.4, Bitplane).
Ethical guidelines

This research was approved by the National Competent

Authority (Licence number AVD115002016614), which is advised

by the Animal Ethics Committee, and conducted in accordance

with institutional guidelines for the care and use of laboratory
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animals as well as the Dutch Law on Animal Experiments and the

European Directive 2010/63/EU.
Results

Tissue integrity hindering immunolabelling
using hydrogel-based CLARITY

Using the hydrogel-based clearing method called CLARITY(20),

tissue-gel hybrid samples of liver tissue were created. (Figure 1B) While

liver samples could be made optically transparent, unfortunately the

passive clearing took several weeks for obtaining adequate tissue

transparency, which caused the tissues to become extremely fragile. (See

Figures 2A, B) Samples were immunolabeled with Phalloidin-Actin and

DAPI to evaluate immunolabeling, tissue structure and integrity after the

CLARITY process. Unfortunately, this resulted in epitope damaging and

non-specific labelling (data not shown). Because of the tissues’ fragile state,

the samples were extremely difficult to handle and would fragment easily.

Further rounds of adjusted experimental procedures could not improve

either the immunolabeling or tissue integrity.
Improved tissue integrity using organic-
solvent based 3DISCO/iDISCO+

Different from CLARITY, this method does not make use of

hydrogel embedding and hybridization, but uses organic solvents to

clear tissues. (Figure 1C). Liver samples were cleared rapidly while

maintaining tissue integrity. (Figure 3A).
Immunolabelling intrahepatic vasculature
using 3DISCO/iDISCO+

Liver tissue consists of remarkably organized and structured

vasculature comprising bile ducts, portal veins, central veins, hepatic

arteries, sinusoids and lymphatic vessels. (Figures 3B, C) To visualize

intrahepatic endothelial vasculature, firstly CD31 (cluster of

differentiation 31, also known as platelet endothelial cell adhesion

molecule PECAM-1) was used. While sinusoids and larger vessels

could be distinguished (Supplementary Figure 1A), CD31 showed no

specific staining as it strongly resembled controls using only the

secondary antibody (data not shown). In contrast, immunostaining

with MECA-32 (a panendothelial cell antigen on murine endothelium)

showed specific labelling of the liver sinusoidal and larger endothelial

structures. (Figure 3F) Before usage in the clearing and immunolabelling

protocol, immunofluorescent MECA-32 blood vasculature labelling was

validated on liver and colon tissue sections. (Figures 3D, E)

To visualize intrahepatic lymphatic vessels, antibodies targeting

established lymphatic markers such as PROX-1 (Prospero homeobox

protein 1), LYVE-1 (Lymphatic Vessel Endothelial Receptor 1) and

Podoplanin were used. Unfortunately, none of the lymphatic marker

antibodies showed specific staining. (Supplementary Figure 1B)

Further optimizing and validation of lymphatic marker antibodies

will be pursued.
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A
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FIGURE 3

Tissue clearing: Vasculature and CRC tumor cells using 3DISCO/iDISCO. (A) Examples of transparency of liver samples after tissue clearing with the
3DISCO/iDISCO method. Scale bar = 5 mm (B, C) Structural organization of liver tissue and vasculature. (D) Tissue samples of murine liver and
colon, used for antibody validation on tissue sections. (E) Antibody validation on liver and colon (vili) sections of pan-endothelial marker MECA-32
for blood vessel immunolabelling. DAPI (blue), MECA-32 (red and orange) Scale bar = 100mm (F). Visualization of blood endothelial microvasculature
of the liver using endothelial marker MECA-32 (green). (DAPI in blue). MECA-32 showed specific staining of the liver sinusoids and larger vessels.
Scale bar = 100mm (G) Antibody validation of tumor marker EpCAM in murine CRC liver metastases. Scale bar = 100mm. (H) To use the model for
tumor micro-environment imaging, a robust tumor marker is needed. EpCAM (turquoise) showed strong specific staining of tumor cells in a
metastatic lesion on diaphragm tissue. MECA-32 (red) Scale bar = 100mm.
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Immunolabelling tumor cells using
3DISCO/iDISCO+

To investigate tissue clearing compatibility with immunolabeling of

colorectal cancer tumor cell markers, we used a murine model in which

colorectal cancer organoids were inoculated into themurine cecum. In this

model, tumor cells spontaneously metastasize to the liver. (Figure 1D)

Samples of tumor-bearing liver tissue were harvested. To identify a reliable

tumor marker, antibodies against CD44 (a glycoprotein overexpressed in

various cancers) and HES (mammalian Hairy enhance of split-1) were

used. However, no specific staining was seen. (Supplementary Figure 1C)

Using a tissue sample of the diaphragm with macroscopic tumor lesions,

another possible tumor marker, EpCAM (Epithelial adhesion molecule),

was evaluated. This tumor marker showed specific staining of the CRC

tumor cells on the diaphragm tissue. (Figure 3H) Before usage in the

clearing and immunolabelling protocol, EpCAM labelling was validated on

murine colorectal liver metastases immunohistochemistry (IHC) sections.

(Figures 3D, G)
Discussion

In this study, we investigated methods for murine liver tissue

clearing to visualize the intrahepatic microvasculature as well as

tumor cells in murine colorectal metastases. The field of tissue

clearing offers a wide variety of clearing techniques, each with their

own advantages and drawbacks (the discussion of which is beyond

the scope of this paper). Most tissue clearing research has focused

on neurobiology as well as made use of endogenous fluorescence

while imaging. For the aim of this study to visualize intrahepatic

microvasculature and tumor cells, a clearing technique was needed

that could 1) adequately render liver tissue transparent (hampered

by the liver’s high heme content) and 2) was compatible with

immunolabelling vasculature and CRC tumor cells.

At the time, CLARITY and especially 3DISCO/iDISCO+ had

shown immunolabelling compatibility for many antibodies in the

neurobiology field, as well as proven capable of liver clearing.

Therefore, for this study these clearing techniques were chosen.

Unfortunately, in this study CLARITY using passive clearing did

not allow suitable immunolabelling due to tissue integrity

difficulties. While CLARITY is designed to embed samples into a

polymer scaffold, hereby providing support to better preserve tissue

structure (5, 18), as passive clearing of liver lobes took several weeks,

the extended chemical exposure damaged the hydrogel-supported

tissue structure. The active clearing CLARITY approach which is

used to great effect in many studies (2, 3, 18, 22, 23), uses an

electrochemical gradient which results in fast clearing. However,

this requires specific equipment that was not available for us at this

time. Molina et al. (24) showed an adjusted version of active

CLARITY with immunolabelling to visualise liver bile ducts.

Therefore, active CLARITY techniques with liver-focused

antibody labelling could still provide an interesting clearing

technique for imaging the liver (tumor) micro-environment.
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Most optical clearing methods aim to preserve endogenous

fluorescent proteins and counteract fluorescence quenching. The

3DISCO method created by Ertürk et al. (19) was further adapted

by Renier et al. (20) to especially focus on whole-mount

immunolabeling and imaging of large-volume samples. This

method, dubbed iDISCO (immunolabeling-enabled 3D imaging of

solvent-cleared organs), was then further adjusted by Chédotal and

colleagues (3, 21). In this study, the 3DISCO/iDISCO+ approach

successfully cleared liver tissue while maintaining tissue integrity and

allowed immunolabeling of intrahepatic vasculature and CRC tumor

cell markers (MECA-32 and EpCAM, respectively).

Currently, more clearing techniques are developed or adjusted

to suit other organ systems besides the neurobiology field and better

suit immunolabel l ing. Therefore , in the future more

immunolabelling clearing options will be available for tumor

micro-environment imaging in various organ systems. However,

for specifically investigating the spatial organization of such tissues,

maintaining tissue integrity is crucial. In many clearing protocols,

such as iDISCO+, the solvents result in the expansion or shrinkage

of the tissue samples (1). While some studies report shrinkage in all

dimensions hereby maintaining similar spatial distribution, others

suggest different amounts of shrinkage for different tissues, which

could warp the original tissue and organ structure (19, 25, 26). On

the other hand, tissue shrinkage can also benefit imaging depth as it

renders larger samples smaller. In future studies, the influence of

solvents on tissue dimensions and integrity should be considered

when studying tissue spatial organization. Further investigation is

needed to elucidate the reaction of different tissue components to

the clearing solvents.

To our knowledge, only three other studies attempted to

visualize both the liver’s endothelial and lymphatic structures.

Oren et al. (23) made use of transgenic mice with a tdTomato

fluorescent marker under the Vecad promotor to visualize blood

vessels. In this study LYVE-1 was used as a lymphatic endothelial

cell marker, however, it is not specific for liver lymphatic vessels as

the sinusoidal endothelial cells also express LYVE-1 (27). Bobe et al.

(28), in addition to LYVE-1 used co-stainings with PROX-1,

VEGFR-3, and podoplanin for visualizing intrahepatic lymphatic

embryonic development. Future studies will need to determine

whether this method can be used to study the lymphatic vessels

of the intrahepatic tumor micro-environment. Messal et al. (29)

developed the FLASH method which was used to clear and label

many organ tissues, such as the liver. In liver tissue, they labelled

structures as bile ducts, smooth muscle cell markers for vasculature

as well as PROX-1 for lymphatic vasculature. Moreover, they

imaged in vitro tumor organoids in matrigel as well as pancreatic

cancer tissue. It would be interesting to use this method for further

imaging of the liver tumor-microenvironment, especially using

other lymphatic markers such as podoplanin.

Validation of antibodies is a vital step of clearing methods. As

tissue clearing protocols make use of harsh chemicals, such as

methanol, many antibodies are not compatible. While time

consuming and often costly, to be able to specifically label
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proteins of interest, an evaluation of various antibodies, different

dilutions and incubation times is needed for immunolabelling

optimization (1, 2, 4). Various tissue clearing methods have

dedicated online databases documenting which antibodies were

tested. As we currently used smaller samples for establishing this

method, further optimization will be needed when we broaden the

method to whole liver imaging. One of the major challenges is

adequate antibody penetration into whole-organ samples. Recently,

to improve antibody penetration the use of high-pressure delivery

systems for antibodies as well as the use of nanobodies have been

reported (6).

In this study, the approach to immunolabel the intrahepatic

blood vasculature was chosen. To visualize blood vessels,

intravenous injection of fluorescent agents such as fluorescently-

labelled lectin can be used (15, 22). As this offers a strong

fluorescent signal in for instance the 488 nm laser range, it might

offer an alternative to blood vessel staining within a laser range that

is often excluded due to strong autofluorescence. Moreover, many

research groups visualize their protein of interest using transgenic

fluorescent reporter mice. However, this offers a new set of

challenges concerning creating transgenic mice and the

quenching of endogenous fluorescence during the harsh chemical

process of tissue clearing. Recently, Stamatelos et al. (30) and Ehling

et al. (31) used micro-CT imaging to study tumor microvasculature,

blood flow, and angiogenesis in murine xenografts. Moreover,

Bhargava et al. (32) developed a comprehensive approach named

VascuViz combining micro-MRI and micro-CT with possible

optical clearing and imaging to visualize whole-organ and tumor

microvasculature. To image blood vasculature, fluorescent CT and

MRI contrast agents were combined for intracardial perfusion, after

which tissue samples were collected, fixed and imaged by micro-

MRI and micro-CT. Then tissue samples were used for IHC

immunolabelling or for tissue clearing and imaging of

endogenous fluorescent proteins and the fluorescent contrast

agents. Afterwards, all data was integrated. This technique would

require access to micro-MRI and micro-CT equipment as well as

data integration expertise. In future studies, it would be fascinating

to use this VascuViz technique to combine micro-MRI and micro-

CT imaging with immunolabelling of various tumor micro-

environment cell types such as cancer cells, immune cells and

cancer-associated fibroblasts.

Whole organ clearing has also been used to investigate cancer

metastasis evolution in a variety of murine tumor models (22, 33–

35). Regarding post-mortem human tumor tissue, small sections

used for tissue clearing have been performed on breast neoplasms

(34, 36), prostate cancer (37), microvasculature in colorectal cancer

(38), as well as lymphatic vasculature of bladder cancers (39).

Tanaka et al. used tissue clearing to study patterns of cancer

heterogeneity in both a murine bladder model as well as in

biopsy samples of human ovarian, pancreas, colon, head and

neck, and lung cancers (40). Three-dimensional tumor micro-

environment tissue clearing would be valuable as it would allow

visualization of the spatial heterogeneity and interactions of tumor
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cells and other components such as immune cells, endothelial cells

or cancer-associated fibroblasts (CAFs) (14, 36, 41–43). Where the

question can be posed whether 2D immunohistochemistry can truly

adequate and representatively capture tumor heterogeneity, whole-

organ tissue clearing could offer a more comprehensive approach.

In fact, Cuccarese et al. studied the spatial distribution of tumor-

associated macrophages in murine pulmonary carcinoma and their

response to drug delivery (44). In future studies, we expect the use

of tissue clearing in evaluating drug penetration, distribution,

accumulation, tissue retention and any therapeutic treatment

effect to intensify (2, 42, 45, 46). Interestingly, whereas most

clearing protocols target proteins of interest, recently combining

whole-mount in situ hybridization techniques such as smFISH

techniques with tissue clearing have been attempted successfully

(47–49). While this development is very recent and needs further

enhancement, it offers the interesting possibility of studying both

proteins and RNA simultaneously in the 3D tumor micro-

environment structure.

In conclusion, we used the 3DISCO/iDISCO+ method to

successfully render murine liver tissue optically transparent and

immunolabel intrahepatic vasculature using MECA-32 as well as

colorectal tumor cells using EpCAM. Further optimization of

immunolabelling intrahepatic lymphatic vasculature is needed.

Moreover, the immunolabeling of tumor cells, which was

successful in a tumor lesion on the diaphragm, will need to be

optimized for liver tissue. Imaging intrahepatic blood and

lymphatic vasculature as well as tumor cells would be an

especially valuable technique for allowing visualization of the

spatial heterogeneity and complex interactions of tumor cells and

their environment in future studies.
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SUPPLEMENTARY FIGURE 1

(A) Immunolabelling intrahepatic vasculature with CD31 (red) showed no

specific staining. DAPI (blue) Scale bar = 100mm (B) Lymphatic endothelial
markers PROX-1 (nuclear staining, green), LYVE-1 (green) and Podoplanin

(green) showed no specific staining. DAPI (red). Scale bar = 100mm (C)
Moreover, tumor markers CD44 and HES (both in turquoise) also showed no

specific staining for labelling colorectal cancer cells. DAPI (red), CRC tumor liver
metastasis (*). Scale bar = 100mm.
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