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Abbreviations

ABBREVIATIONS

2D Two-dimensional
3D Three-dimensional
3DISCO 3D imaging of solvent cleared organs
a-Ac-Tub Acetylated a-tubulin
AHS Amplifying hydrogel solution
AQP5 Aquaporinb
BW Body weight
CLARITY Clear Lipid-exchanged acrylamide-hybridized rigid imaging compatible

Tissue gel
CcuBIC Clear, unobstructed brain imaging cocktails and computational analysis
ECi Ethyl cinnamate
ExM Expansion microscopy
ExPath Expansion microscopy pathology
iDISCO Immunolabeling-enabled 3D imaging of solvent cleared organs
LCFM Laser confocal fluorescence microscopy
LSFM Light sheet fluorescence microscopy
NA Numerical aperture
OoTC Optical tissue clearing
PACT Passive clarity technique
PBS Phosphate buffered saline
PFA Paraformaldehyde
RI Refractive index
SeeDB See deep brain
SDS Sodium dodecyl sulfate.
SPF Specific pathogen free
SWITCH System-wide control of interaction time and kinetics of chemicals
WD Working distance



Introduction

1 INTRODUCTION

Conventional histological methods, such as Hematoxylin and eosin (H&E) staining,
immunohistochemistry and in situ hybridization, provide abundant information about
the morphological characteristics of cells and tissues. These technologies with bright-
field microscopy are the foundation for histopathological diagnosis that helps the
pathologist to examine inflammation, fibrosis, malignancy, and so on (Holt et al., 1993;
Jin and Lloyd, 1997). However, they can provide only two-dimensional (2D) planar
images that lack the three-dimensional (3D) structures consisting of a variety of
constituents in tissue. For instance, in clinical pathology departments, only the typical
lesions observed by a macroscopic detection are further examined. There may be
additional lesions in the area not visible to the naked eyes still remaining to be
diagnosed (Fujisawa et al., 2015).

To overcome this limitation and to get a more comprehensive pathological diagnosis,
serial sections and scans followed by reconstruction of 3D images via computer
software were established for large sample examinations (Wellings and Jensen, 1973;
Wellings et al., 1975). However, this section-based 3D imaging approach failed to
obtain accurate internal 3D structures of thick tissues. Especially structures on the
cellular-level are difficult to recognize due to the inevitable discontinuity disruption of
structure. Consequently, the cutting may lead to tissue deformation and a loss of
detailed anatomical information especially from the edge of each slice. What is even
worse, this method is labor-intensive, time consuming, expensive and needs a high
level of training and expertise (Booth et al., 2015). Therefore, high-resolution 3D
volume imaging of whole mount tissue will make a big difference to visualize complex
structures such as immune cells distribution, cancer cell accumulation, vasculature and

lymphatic vessels, which are difficult to investigate in 2D planar sections.
1.1 Optical tissue clearing and labeling

A possible solution has been reported already in 1914 (Spalteholz, 1914). This
approach makes biological specimens optically transparent by reducing the refractive
index (RI) difference within the tissues to enable 3D imaging. The whole process of Rl
adjustment and lipid removal is named optical tissue clearing (OTC) (Conchello and

Lichtman, 2005). In general, OTC processing consists of a series of steps, such as
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pretreatment, permeabilization, immunolabeling, RI matching, and imaging with
advanced laser confocal fluorescence microscopy (LCFM) or light sheet fluorescence
microscopy (LSFM). Normally, the light could not travel in straight lines after entering
a tissue. It is absorbed and reflected by the tissue when the tissue has different RIs
and contains lipids. After OTC the light scattering is reduced and allows a deeper laser
penetration during scanning by using LCFM or LSFM, thus enables 3D deep imaging
of whole mount tissues (Reynaud et al., 2008; Richardson and Lichtman, 2015).

Recently, there is a growing interest in optimizing OTC methods for 3D imaging of
labeled structures in large samples or even entire organs. This allows us not only to
study the 3D structure of normal tissues in unprecedented details, but also to
investigate sparsely distributed pathological hallmarks in diseased models, for
example, amyloid plagues in the brain of Alzheimer’s disease mouse models (Murray
et al., 2015; Susaki et al., 2014). Allowing us to access and assess the anatomic
structures and functions in a broad range of biological systems, including the peripheral

nervous system, more precisely than before (Tomer et al., 2012).

Various kinds of OTC protocols have been reported. They can be divided into three
main categories according to the different working principles: (1) simple Rl matching,
(2) delipidation combined with dehydration (solvent-based) or hyperhydration
(aqueous-based) followed by RI matching, and (3) tissue-gel hybridization followed by
delipidation and RI matching, as shown in Fig. 1. (Costantini et al., 2019; Greenbaum
et al., 2017; Seo et al., 2016).
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1.1.1. Simple refractive index matching

The simplest approach to increase tissue transparency is to reduce light scattering by
matching the RIs of the tissue constituents to one medium. Although the RIs of tissue
components are different (protein: RI~1.43; lipids: RI~1.44; water: RI~1.33), the RI of
overall tissue is almost 1.4~1.5 (Seo et al., 2016). Rendering the tissue transparency
by replacing water with high concentration solutions of formamide (ClearT, RI~1.44),
formamide and polyethylene glycol (PEG) (ClearT2, RI~1.44) or fructose with a-
thioglycerol (SeeDB, RI~1.49) are easy to implement, reversible and cost effective
(Costa et al., 2018; Ke et al., 2013; Kuwajima et al., 2013). Among these solutions,
SeeDB exhibits the best ability to preserve fluorescence intensity because fructose
does not disrupt the fluorescence of proteins. However, they are all limited to the
labeled samples since most of the molecular probes penetrate into specimens hardly
in these ways (Boutin and Hoffman-Kim, 2015).

1.1.2. Delipidation combined with dehydration/hyperhydration followed by RI
matching

The main reason for the tissue opacity is that the lipids cause light scattering in the
biological tissue. Removing lipids from the specimen is helpful to match the RI of tissue
and make the tissue transparent. In order to achieve delipidation, organic solvents and
denaturants or other detergents are utilized. Each of them have to be applied together

with dehydration and hyperhydration (d'Esposito et al., 2015).

The organic solvent-based methods show a better clearing effect and are normally
faster as compared with the simple immersion protocols mentioned above. For
example, dibenzyl ether-based 3DISCO or iDISCO can make a whole mouse brain
transparent in 2-3 days to enable the whole mount 3D imaging by using the LSFM. On
the other side, the volumes of tissues after dehydration and delipidation are always
reduced, which may be good for the 3D imaging for saving scanning time. However,
the researchers must be careful with the dramatic signal loss of fluorescent proteins

and the toxic organic solvents (Erturk et al., 2012; Renier et al., 2014).

Agueous-based solution containing detergent (e.g. Triton X-100) and denaturants (e.qg.
urea) in ScaleS, ScaleA2, and CUBIC can remove lipids and denature endogenous
proteins. These processes accelerate hyperhydration of tissue components and match
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the RI of the overall tissue block to ~1.38 to increase tissue transparency (Hama et al.,
2015; Hama et al., 2011; Susaki et al., 2015). Apart from the fact that the tissue
microstructure may be damaged by the hydration-induced swelling, these methods

shows strong clearing capability and are easy to carry out.

1.1.3. Tissue-gel hybridization followed by delipidation and RI matching

In view of the microstructure and biomolecules that can be destroyed during the
application of clearing protocols involving delipidation, a gel network was developed to
ensure the integrity of structure and molecules. Delipidation can be achieved by
electrophoresis, normal or high temperature incubation, and perfusion with SDS
solution (Lee et al., 2014). For example, the gel protected-tissue can undergo strong
delipidation reaction while the structure and molecule are well preserved in CLARITY
and variants of this protocol like PACT, PARS and SWITCH (Wan et al., 2018; Xu et
al., 2019). Combined with RI-matching solution immersion (e.g. glycerol, commercially
FocusClear, RIMS or CUBIC-mount), the tissue will become very transparent (Jensen
and Berg, 2017; Moy et al., 2013; Yu et al., 2017). However, depending on how lipids
are removed, the total clearing time varies from 2-3 days (CLARITY) to more than one
month (PACT) for a mouse brain (Woo et al., 2016). The delipidation not only makes
the tissue transparent combined with RI-matching but also accelerates the diffusion of

molecular probes in further staining steps.

1.1.4. Labeling

How to label the target structure or molecules of interest inside the transparent tissue
with probes (normally fluorescent protein conjugated antibodies) is critical for 3D
imaging. First, the fluorescent proteins should be well preserved throughout the whole
clearing process. Second, it always takes such a long time to complete the labeling in
a large volume specimen because the conventional staining methods always rely on
slow diffusion of molecular probes (Renier et al., 2014). Accelerating the transportation
rate of probes into thick tissue has an enormous effect on spreading use/promotion of
clearing protocols. The new developed techniques optimize these issues based on the
following principles: (1) increasing tissue permeability, such as reducing fixation time,
applying detergents or repeating dehydration-rehydration, (2) increasing probe
concentration and improving probe target binding reaction kinetics and (3) applying
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external power, such as pressure or force on electrically charged solutions (Palmer et
al., 2018; Syed et al., 2017).

In the present research, we have applied a novel modified OTC protocol, which uses
ethyl-3-phenylprop-2-enoate (ethylcinnamate, ECi) as a non-toxic and cheap clearing
solvent for 3D imaging of the lung by using LCFM and LSFM. This method is fast,
simple, non-special instrument requiring and compatible with a near-infrared dye

MHI148-PEI staining, which allows vessel staining.

1.2 Expansion microscopy

Expansion microscopy (ExM) is a recently described advanced method that enables
3D high-resolution imaging with conventional microscopes by physically expanding
tissue isotropically via a series of chemical processes (Chen et al., 2015). In ExM,
biomolecules and labels are chemically equipped with anchors that enable them to be
fixed to a swellable polymer or hydrogel, which is synthesized evenly throughout the
tissue. The peptide bonds in the gel-embedded tissues are mechanically disrupted by
high temperature denaturation or proteolysis, and then tissues are swollen by washing
with deionized water (Fig. 2). Because of this process, molecules will be separated
apart from each other and samples are uniformly enlarged to enable them to be easily
resolved (Chen et al., 2015; Chozinski et al., 2016; Tillberg and Chen, 2019). The
whole process is analogous to drawing a picture on a balloon and then blowing it up:
the ink particle will be distributed quite evenly on the surface, but their spatial
organization is relatively well retained. However, if the mechanical homogenization of
the sample is not performed adequately, the tissue and cell structure will be broken

during EXM process (Gao et al., 2017).

Because the lipids that cause light scattering are not anchored to the hydrogel, they
can be removed by a relatively gentle denaturation step using sodium dodecyl sulfate
(SDS) which preserves most biomolecules well. The samples are expanded in water
after denaturation, and the final specimens are mostly composed of water. A byproduct
of this physical mechanism is that tissues are completely transparent and optical
aberration free, which is the same as OTC. The final RI of tissue is about 1.33 after

ExM, so water can serve as the mounting medium during imaging. Combined with the
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conventional microscopes and probes, it allows the 3D structure analysis of thick
tissues at high-resolution (Cahoon et al., 2017). Another benefit of ExM is that the de-
bonded biomolecules are far away from each other, which facilitates antibodies
diffusion in specimens and makes room for the chemical reaction around the
molecules. The staining can be carried out in either a pre- or post-expansion state. In
post-expansion staining protocol, since probes do not go through the gel embedding
and homogenization process, any dye or antibodies should be suitable. However,
some fluorescent proteins and dyes will be degraded in the pre-expansion staining
protocol, so it is necessary to test the labeling in advance (Chen et al., 2015; Chozinski
et al., 2016; Chozinski et al., 2018).
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Figure 2. Schematic of the ExM process (Wassie et al., 2019).
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1.3 Microscopic imaging

The goal of microscopic imaging is to get 3D visualization of thick tissues or even whole
organs with a reasonable resolution in a high-throughput manner after OTC (Helmchen
and Denk, 2005). The most commonly used instrument for small volume tissues is
standard confocal microscopy, which is also characterized with a real high-resolution
3D imaging. The reason why it is limited to only a small volume tissue is that the
confocal microscope scans the samples point by point, which can result in severe
fluorescence photobleaching and quite long imaging time (Germroth et al., 1995;
Silvestri et al.,, 2016). These problems are now addressed with the emerging
technology: LSFM, which reduces the laser intensity of excitation on the tissue and
allows for fast scanning by simultaneous illumination of a single thin plane. In this way,
the photobleaching and photo-toxic effects are reduced significantly. LSFM is 10-100
times faster than the traditional confocal microscope that can image an intact mouse
organ in only few hours (Fig. 3). Nevertheless, the resolution of the data obtained by
LSFM is always inferior to confocal microscopy (Chakraborty et al., 2019; Dodt et al.,
2007; Treweek et al., 2015).

Confocal microscopy eisaE Light sheet microscopy

Y Optical section
j ( 1 J [}
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Figure 3. Working principle of LCFM and LSFM.

(https://www.britannica.com/technology/confocal-microscope and https://www.leica-

microsystems.com/science-lab/confocal-and-digital-light-sheet-imaging/; date of download:
01/12/2020)
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Relevant parameters of the objectives, such as numerical aperture (NA), working
distance (WD) and RI of immersion medium, are critical impact factors in 3D imaging
microscopy. The common objectives with high NA can achieve high resolution
scanning, but they are always designed with short and limited WD (Richardson and
Lichtman, 2015; Ryan et al., 2017; Wang et al., 2019). After removing the laser
penetration limit caused by light scattering via OTC, the short WD of objectives become
the main limiting factor for 3D imaging. As mentioned above, the cleared samples have
different RIs according to the different OTC methods applied. The mismatching
between objective, mounting medium and cleared tissue will result in poor image
guality and lead to a high degree of spherical aberration (Yu et al., 2018). Therefore,
an objective precisely well matched with the RI of the cleared sample and mounting
medium is very important for 3D imaging. To address this problem, long WD and high
NA objectives with specific or tunable RI value to meet the requirement of different
OTC methods are designed, and most of them are now commercially available. For
example, XLPLN10xSVMP (Olympus, 10xNA 0.6; WD 8.0 mm; RI~1.33-1.52) for
clearing agents such as ScaleView, CLARITY and SeeDB. HC FLUOTAR L IMM
mMotCORR VISIR (Leica, 25x NA 1.0; WD 6.0 mm; RI=1.457) for CLARITY -treated
samples. LUCPLFLN 20 x corrected (Olympus, 20 x NA 0.45; WD 5 mm; Rl = 1.56) for
DISCO cleared samples (Marx, 2014; Pan et al., 2016; Tomer et al., 2014).

1.4 Data storage and management

3D imaging always produces tens to hundreds of gigabytes of data contents per thick
sample or organ. Not only powerful computational ability and high-resolution screens
for 3D visualization are needed, but also sufficient data transfer and storage capacity
are critical technological issues that need to be addressed in the data handling. A
workstation with enough memory space and stable net-work-attached storage is
helpful to access and process the acquired data easily (Greenbaum et al., 2017).
Nowadays, the advanced commercial Cloud services also make large data sharing
with distant groups possible, but an efficient data transfer and sufficient storage

capacity need to be improved.

For data analysis, the open-source platform Fiji (ImageJd, https://imagej.net/Fiji),

including a set of useful plugins such as image filters, versatile file-format converter

10
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and 3D viewer, is a powerful software for image processing. Other commercial
softwares for data visualization and statistical analysis, such as MATLAB
(https://de.mathworks.com/products/matlab.html), Imaris (https://imaris.oxinst.com/),
VesSAP (http://discotechnologies.org/VesSAP/) and Amira

(https://www.thermofisher.com/de/de/home/industrial/electron-microscopy/electron-

microscopy-instruments-workflow-solutions/3d-visualization-analysis-software/amira-

life-sciences-biomedical.html), can also be used for processing and quantitative

analysis in 3D images. However, all of them require file-type conversion for further
processing and focus on one specific issue, such as stitching, visualization or
deconvolution. Therefore, it would make sense to develop a unified computational
network and a shared standard file format.

1.5 Lung and lung metastases

Anatomical structures of both normal and diseased lungs were analyzed in this project.
In order to identify the different structures better, a brief histological update about
normal lung and lung metastases will be presented in the next paragraph.

The main pulmonary artery originates from the right ventricle and then divides into the
left and right main pulmonary artery branches, of which the diameter is half of the main
pulmonary artery. The left and right main pulmonary artery then further divide into
smaller branches named as lobe arteries before entering the lung. After that, each lobe
artery further subdivides into irregular small branches corresponding to the bronchi. All
of the artery and vein branches are embedded in the lung and show up as a “vessel
tree” (Murillo et al., 2012; Townsley, 2012).

The normal lungs are an air-filled organ responsible for respiration in both side of the
chest. The bronchi conduct inhaled air into the lungs and then divide into smaller and
smaller bronchioles, finally ending up in clusters of microscopic alveoli (Persson,
1996). They are embedded in the lung as a “bronchial tree” (progressive bronchial
branching). The proximal airway is composed of ciliated cells, secretory club cells,
goblet cells, undifferentiated basal cells and neuroendocrine cells; the distal airway is
mainly composed of type | and type Il alveolar epithelial cells. There are also some
other cell types in the lung which include smooth muscle cells, fibroblasts, endothelial

cells and various kinds of immune cells (Reid, 1965). The deoxygenated blood
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collected from body organs are pumped by the right ventricle into the left and right main
pulmonary arteries, which branch into smaller pulmonary arteries and capillaries that
spread through the lungs. Oxygen from the air diffuses into the blood and carbon
dioxide travels from the blood into the alveoli through a thin layer of cells called the
alveolar interstitium or blood-air barrier, which mainly contains capillaries and alveolar
epithelium (Fig. 4). After that, the oxygenated blood leaves the lungs through the
pulmonary veins and goes back to the left part of the heart (Conhaim and Staub, 1980;
West, 2013).
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Figure 4. Anatomy of the normal Ilung and alveoli. (https:/www.med-
ed.virginia.edu/courses/rad/cxr/anatomy6chest.html and https://antranik.org/wp-

content/uploads/2011/12/detailed-anatomy-of-the-respiratory-membrane-type-1-type-2-cells-

alveolus-capillary.jpg; date of download: 01/12/2020)

Nowadays, malignant tumors are the main diseases that endanger human health and
life in the world (Siegel et al., 2018). The lung is not only the most prevailing
tumorigenic organ but also the most common tumor metastases harboring organ in our
body (Herbst et al., 2018). The main reason for that is that cancer has the ability to
recur and spread in the normal organs widely, which also makes it difficult to cure
(Robinson et al., 2017). It is a common scenario that different types of cancer patients
die for their lung metastases after primary tumor resection after a few years. Increasing
evidence demonstrates that lung metastases develop from a few cancer stem cells
and progress via the interaction with the tumor microenvironment, including the
surrounding blood vessels, immune cells, fibroblasts, signaling molecules and the

extracellular matrix (Quail and Joyce, 2013). Tumor microenvironment research has
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resulted in an important breakthrough in the treatment of tumors, such as related tumor

targeting and immunotherapy strategy (Mayekar and Bivona, 2017).

However, conventional 2D imaging systems are often failing in detecting these tiny and
unknown-distributed metastases and the microenvironment completely. The reason is
that light scattering caused by the different RIs of various components in the tissue,
which limits the imaging depth and resolution of common microscopes (Nojima et al.,
2017). Therefore, the current structural morphology studies on lung tissue and tumor
microenvironment mostly rely on thin slices to generate 2D images, the volume of
examined tissue is restricted. In order to achieve 3D structural images of whole mount
lung tissue, researchers always have to count on reconstruction of a large number of
high quality images from serial sections. However, the workflow and program are labor

intensive and time-consuming.

Hence, to detect and quantify sparsely distributed metastases and tumor
microenvironment in the whole lung at early stages of tumor metastasis, there is an
urgent need for a novel imaging analytical platform, which can reveal the 3D spatial
distribution of tumor metastases and microenvironment at signal cellular resolution

level directly.
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1.6 Aim of our project

Imaging the lung is not trivial as during preparation it may collapse. Also serial sections
to get a 3D image may lead to artifacts. Thus the tasks of this thesis was:

1) to establish 3D imaging protocols of lung tissue based on two methods: optical
tissue clearing and expansion microscopy.

2)  to apply the ECi-based OTC method, which was modified by our group, to lung
research and figure out the best conditions for the application.

3) to establish and modify the ExM protocol with perfused normal lung tissue and
further extend it to paraffin blocks and metastases.

4)  to figure out the best way to do 3D imaging in lung research.
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2 MATERIAL AND METHOD

2.1 Animals:

Usually 8 weeks old, specific pathogen free (SPF) female C57BL/6 mice (25-38g) were
used in our research. Animals were kept in a temperature-controlled SPF facility with
a 12:12 h light:dark cycle and ad libitum access to food and water. All experimental
procedures and methods were approved by the local authority and conducted in
accordance with all guidelines and regulations set by the Germany Animal Protection
Law and EC directive 2010/63 EU.

For the perfusion the mice were deeply anesthetized by intraperitoneal injection of
ketamine/xylazine (120 mg/kg BW ketamine and 16 mg/kg BW xylazine). Once
anesthetized, we used a toe-pinch reflex to determine the complete absence of
responsiveness before proceeding to surgery.

2.2 Metastases specimen

The paraffin-embedded normal lung and lung metastases tissue blocks were provided
by Prof. Dr. Jonathan P. Sleeman from Microvascular Biology and Pathobiology,
Center for Biomedicine and Medical Technology Mannheim (CBTM), Medical Faculty
Mannheim of Heidelberg university. The normal lung tissues were from the BALB/c
mice. The lung metastases were induced by intravenous injection of Lewis lung cancer

cells into BALB/c mice.
2.3 Materials:
2.3.1 ECibased OTC:;

e Compressor (Jun-Air compressor, Rio Grande, 117301),

e Syringe pump (Chemyx, Fusion 100 infusion pump),

e tissue processor (Leica microsystems, TP1020),

e Ethyl cinnamate (Sigma-Aldrich, 112372),

e MHI148-PEI dye (designed by Medical Research Center of the Medical
Faculty Mannheim, patent code W0/2018/100089),

e Paraformaldehyde (PFA) (Sigma-Aldrich, 158127)
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e Black tube (Litesafe, TB5000),

e Tissue culture dishes (Orange Scientific, Cat# 5550200),

e Glue (UHU super, 45565),

¢ Immersion oil (RI=1.51, Thermo Fisher Scientific, NC0586121),
e Leica SP8 confocal microscope,

e Leica TCS SP8 DLS light-sheet microscope,

e Leica LAS X software.

2.3.2 ExM:

e 40% Acrylamide solution (BIO-RAD, Cat. # 1610140) Acrylamide solution is
toxic, therefore, all procedure were performed under a fume hood,
e 2% Bis-acrylamide solution (BIO-RAD, Cat.#1610142),

e Sodium acrylate (Sigma-Aldrich, Cat. #408220),

e 16% Paraformaldehyde (Electron Microscopy Sciences, Cat. # 15710-S),
e VA-044 ((2,2'-Azobis[2-(2-imidazolin-2yl)propane]dihydrochloride),
FUJIFLM, Cat. #27776-21-2),

e Vibratome (Leica, VT1200 S),
e Sodium dodecyl sulfate (SDS) (Sigma-Aldrich, Cat. #1L3771),

e Tris base (Sigma-Aldrich, Cat. # T6066),
e Agarose (Biozym, Cat. #850074),
e Petridish (Ibidi, Cat. #81136).

2.3.3 Antibodies:

As shown in Table 1.
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Table 1. Overview of antibodies validated to stain lung tissue with ExM.

Name Company Catalog No. | Concentration
Rabbit polyclonal anti-AQP5 | Abcam ab78486 1:100
Goat polyclonal anti
RD systems | AF3628 1:100
CD31/PECAM-1
Rabbit  polyclonal anti-E- _
_ Cellsignal 24E10 1:100
cadherin
Rabbit polyclonal anti-Acetyl- _ .
. Sigma-Aldrich | ab5600 1:100
alpha-Tubulin
Ly-6G/Ly-6C Monoclonal _
. Invitrogen MA1-10401 1:50
Antibody
Donkey Anti-Rabbit IgG H&L-
Abcam Ab150075 1:100
Alexa Fluor 647
Donkey Anti-Rabbit IgG H&L-
Abcam Abl175470 1:100
Alexa Fluor 568
Donkey Anti-Goat 1gG H&L-
Abcam Abl175704 1:100
Alexa Fluor 568
Donkey anti-Goat IgG (H+L)
Cross-Adsorbed Secondary Thermofisher | A-21447 1:100
Antibody-Alexa Fluor 647
Donkey Anti-Rat 1IgG H&L-
Abcam Ab150155 1:100
Alexa Fluor® 647

2.4 Perfusion procedure and mouse lung extracting

The whole body perfusion was performed by inserting a needle into the bifurcation of
the abdominal aorta in mice, which is named as retrograde perfusion protocol (Fig. 5A
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(1)). The perfusion device is made up of a series of tubes connected to a compressor

with two bottles filled with saline/heparin (0.9% saline + heparin 5 IU/mL, pH=7.4) and

4% PFA (pH=7.4) (Fig. 5A (2)). Apart from that, a syringe pump is connected to the

export tube via a T-junction, which can be used for the staining dye. The dye is

administered at a constant rate (1ml/min). The whole perfusion process is pressure-

and volume-controlled, and is performed automatically. The pressure is fixed at 200

mbar. By this way, all organs of the mice can be cleared from blood and are fixed at

the same time. It was essential that there were no air bubbles in the whole system.

The process of perfusion was performed as follows:

vi.

The blunt scissor and surgical area of the abdomen were sterilized by 70%

ethanol and the abdominal wall was opened using a scalpel. The omentum and

intestine were removed to expose the abdominal aorta.

A 25G butterfly needle was inserted into the abdominal aorta at the bifurcation

and the butterfly was fixed in place with a vascular clamp. The vena cave was

opened at the same time.

The perfusion protocol starts with saline/heparin (200mbar, 6min, ~40 mL) to

flush the blood out of the vasculature system of the mouse. This is followed by

staining the whole vasculature with MHI148-PEI (1ImL/min, 10mL) using the

syringe pump.

Then a short term rinsing with saline/heparin (200mbar, 1min) follows again to

remove the residual unbound MHI148-PEIl. Finally, the 4% PFA (200mbar,

6min, ~40mL) is used to fix all the organs of the mouse.

After that, all organs are collected and post-fixed in 4% PFA overnight at 4 C.

Then, the organs are washed 3 times (1h for each) with 1 X PBS at room

temperature. The samples are stored in 1 X PBS at 4°C up to 2 weeks. During

storage the samples are protected from light. For a long-term storage, 1x PBS

with 0.05% sodium azide is applied.

Because of the lung is a real soft organ full of gas, avoiding lung collapse is a

critical step to maintain the morphology. We usually extract the lung as follows:

1) The cervical trachea is isolated and ligated with a suture. The trachea is
detached from the larynx above the suture knot.

2) The thoracic cavity is opened and extra connective tissues are removed from

the lung.
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3) The lung is taken out by dragging the suture, heart or esophagus with a
tweezer. The thoracotomy and lung extraction are performed carefully,
avoiding puncturing or squeezing the lung.

4) Post-fixation of the lung is done in 4% PFA for a few hour at room

temperature or overnight at 4°C. A long time PFA-fixation may quench the

fluorescence protein signal and increases the tissue autofluorescence.

A. Retrograde perfusion
Saline/heparin Saline/heparin 4% PFA
(200mbar,6min) {200mbar, 1min) (200mbar, 6min)

B. ECi based OTC

50% Ethanol 80% Ethanol 100% Ethanol 100% Ethanol ECi clearing
30min 30min 30min 30min 2 hours

Clearing, before Clearing, after

Jun-Air compressor

Automatic tissue processor

ExM, before ExM, after

C. Deparaffinization and ExM protocol
=thor
100%, 90%, 80%, 70%

Heating
(1) at 65°C 1h for each
( 2) Infiltration of AHN\ Ploymerization Denaturation (}: s':mj"fd
o o0 o ocking-1d,
2d 37°C,2h 70 °C, 24h; 90 °C, 12h 1st2nd Ab-2d)

Figure 5. Overview for ECi based OTC and deparaffinized samples with ExM. A: (1).

Schematic diagram of the retrograde perfusion protocol for lung; (2). Jun-Air compressor; B:
(1). Schematic diagram of the ECi based OTC pipeline; (2). Automatic tissue processor; (3).
The perfused and 4% PFA-fixed left mouse lung before and after ECi based OTC protocol. C:
(1).Schematic diagram of deparaffinization-rehydration; (2). ExM-immunofluorescence
protocol; (3). 500 um thickness mouse lung slice (after polymerization and removal of the

excess hydrogel) before and after ExM protocol.
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2.5 ECibased OTC

The ethanol dehydration and ECi clearing were performed in a Leica tissue processor
(TP1020) automatically (Fig. 5B (2)). Briefly, 4% PFA fixed lung were dehydrated by
increasing concentrations of ethanol (50%, 80%, 100%, 100%) and then they were
cleared in ECi, as shown in Fig. 5B (1). The immersion time in ethanol for each step
lasts 30 min, while the ECi clearing lasts 2 hours. However, according to the volume
of different samples, immersion time in ethanol and ECi can vary. The whole procedure
was performed at room temperature to improve the penetration rate of all the chemical
reagents. After the end of the whole clearing process, specimens were moved into

black tubes filled with ECi and stored at room temperature on a rotary.
2.6 ExM and 3D immunofluorescence staining
2.6.1 Infiltration of Amplifying Hydrogel Solution

i.  The Amplifying Hydrogel Solution (AHS) solution is prepared by mixing 40%
acrylamide, 2% bis-acrylamide, 16% PFA, sodium acrylate, VA-044 and 10x
PBS, then ddH20 is added to reach the final concentration and volume as
shown in Table 2. All of the reagents should be kept on ice, and AHS solution
can be stored at -20°C until needed (several weeks).

il. The 4% PFA perfused and fixed lung is placed in AHS solution and incubated
on a horizontal shaker for 2-3 days at 4°C. The AHS solution is protected from
light by covering it with foil. According to the size of the sample, the incubation

time can vary.
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Table 2. Overview of the AHS solution recipe.

Amplifying Hydrogel Solution (AHS)

Stock solution Volume (ml) Final concentration
40% acrylamide 25 20%

2% bis-acrylamide 1.25 0.05%

16% PFA 12.5 4%

Sodium acrylate 5¢ 10%

10% VA-044 in ddH20 0.5 0.1%

10x PBS 5 1x

Total volume 50ml (Fill up to final volume with ddH20)

2.6.2 Polymerization

The tissue incubated with AHS solution is placed in a 6-well plate covered with
freshly prepared AHS solution again. The samples are incubated in a humidified
chamber (metal box with wet filter) at 37 °C for 2 hours until the AHS solution
turns into a gel. To avoid oxidation, the AHS solution is sealed with parafilm or

mineral oil.
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2.6.3 Preparation of sections with vibratome

i.  Excessive gel is removed from outside the tissue with a scalpel. The tissue

containing gel is cut into 500um sections by the vibratome.

ii.  Then, the slices can be stored in 1x PBS at 4 °C until further processed.

2.6.4 Denaturation

i.  The denaturation solution is prepared as shown in Table 3, 10% SDS, 5M NacCl,
1M Tris-HCI (PH 9.0), 10 x PBS and ddH20 are mixed to reach the final

concentration and volume.

ii. The tissue is placed into 6-well plate and the well is covered with freshly

prepared denaturation solution. The plate is wrapped with foil and placed into a

humidified chamber (metal box with wet filter). The tissue is incubated for 24

hours at 75 °C, and then for 12 hours at 95 °C.

iii.  After that, the slices are washed with 1x PBS for 2 hours (refresh 1x PBS every

30min) on a horizontal shaker at room temperature.

Table 3. Overview of the Denaturation solution recipe.

Denaturation solution

Stock solution Volume (ml) Final concentration
10% SDS 25 200mM

5M Nacl 1.25 200mM

1M Tris-HCI 12.5 50mM (PH 9.0)
10x PBS 5 1x

Total volume

50ml (Fill up to final volume with ddH20)
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2.6.5 3D Immunofluorescence staining

This part is quite similar to the conventional immunofluorescence staining protocol.

Vvi.

Vil.

viii.

For permeabilization and blocking, samples are transferred into 10 ml of the
buffer, which is made up of 1x PBS, 2% BSA and 1% Triton-X-100. It is slowly
shaken for 1 day at 37°C. Then, the buffer is carefully removed by aspiration.
The tissue-containing gel is cut into approximately 1.0x1.0 cm pieces with a
sterilized scissor. The gel slides are placed into a 24-well plate.

5 ul primary antibodies are diluted in 495 pul blocking buffer to prepare 500 pl
primary antibody solutions. Then, the samples are incubated with diluted
primary antibody (1:100) buffer at 37°C for 2 days while gently shaking.

The first antibody stained-samples are washed in blocking buffer three times (1
hour for each time) at 37°C while gently shaking.

For the preparation of the secondary antibody incubation solution, 5 ul
secondary antibodies are added into 495 pl blocking buffer. The antibody and
samples are protected from light during the whole process. After removing the
last washing buffer, samples are covered with secondary antibody solution and
incubated at 37°C for 2 days while gently shaking.

The secondary antibody buffer is removed carefully. Samples are washed with
1x PBS three times (1 hour for each time) at 37°C while gently shaking.

After that, the samples can be stored in 1x PBS at 4°C until imaging.

The following antibodies were used for the staining: Anti-Aquaporin5 for the
Type | alveolar epithelial cells; anti-CD31 for the vascular endothelial cell, anti-
E-cadherin for the bronchial endothelial cell; anti-Acetyl-alpha-Tubulin for the
cilia on the bronchial wall, as shown in Table 1. Samples were incubated in
appropriate secondary antibodies according to the immune specificity and
washed in 1x PBS. The crosstalk between different fluorescent dye conjugated
secondary antibodies has to be prevented when two or more antibodies were
used at the same time. A far-infrared fluorescence conjugated secondary
antibody is recommended to avoid the tissue autofluorescence interference

during imaging.
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2.7 Deparaffinization of tissue from paraffin-embedded blocks

i.  As shown in Fig. 5C (1), tissues were cut out with a blade from the paraffin
blocks. The paraffin should be manually removed as much as possible.

ii. Samples were heated in an incubator at 65 °C until paraffin was
macroscopically removed from tissues.

iii.  The tissues were washed with xylene for 12-24 h at room temperature on a
rotary. The xylene should be refreshed 1x.

iv.  After deparaffinization, samples were rehydrated with 100%, 90%, 80%, 70%
ethanol diluted with ddH20 for 1 hour respectively.

v.  Then, the samples were washed with 50 ml 1x PBS overnight at room
temperature on a rotary. Before being subjected to expansion microscopy and
3D immunostaining as shown in Fig. 5C (2), the lungs were washed with 1x

PBS for 1 h again on the next day
2.8 Microscopy and data acquisition

All the samples were imaged on a Leica SP8 laser confocal fluorescence microscope
(LCFM) or light sheet fluorescence microscope (LSFM) after OTC or ExM. MHI148-
PEI was excited at 638 nm and the emission fluorescence was detected using Cy7
emission filter. Alexa Fluor 647 and Alexa Fluor 568 conjugated secondary antibodies
were excited at 638 nm and 552 nm and fluorescence was detected using related
emission filters. A 488 nm laser was used to detect the tissue autofluorescence. The

way to mount tissue and RI matching are critical steps for 3D imaging.
2.8.1 Sample preparation and Rl matching

The samples were imaged as soon as clearing or staining was finished as the
samples may lose the fluorescence intensity over time. To this end, the samples

were prepared for the microscopy following the next steps:

2.8.1.1 ECi based OTC:

i.  Confocal microscopy: samples were mounted in a Petri dish by a small drop of
glue. The samples were immersed in immersion oil (RI=1.51, nearly the same
to the RI of ECi, which is 1.558)). Imaging was performed using a HC PL APO
20x/0.75 IMM CORR CS2 objective.
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ii.  Light sheet microscopy: samples were mounted on a parafilm made-base in

the central part of a petri dish by a small drop of glue (never too much). The

width and height of the sample should be less than 4.0 mm and 5.0 mm. After

immobilization, ECi was added carefully as RI matching medium. The

objective and sample were immersed in ECi completely. HC PL FLUOTAR

5x/0.15 objective equipped lens with a 7.8 mm working distance dipping cap

was applied in our study.

2.8.1.2 ExM:

ExM: The gel slices were transferred to a petri dish carefully, and were

immobilized with 1% low melting agarose diluted in ddH20 to prevent a drift during

imaging. The whole slices are almost transparent and the RI matches to water (RI

=1.33), so 1 X PBS solution is used as immersion medium.

2.8.2 3D image acquisition

A brief description of the microscopy setting during 3D imaging will be provided in the

next part. The following Table 4. illustrates the basic information of the objectives used

in our project. All the data were acquired by LAS X software (Leica microsystems,

Mannheim, Germany)

Table 4. Different objectives and their features (working distances, immersion media

and refractive indexes.

MICROSCOPE OBJECTIVE WORKING MOUNTING
DISTANCE MEDIUM AND
(mm) REFRACTIVE
INDEX
Confocal HC PL APO 0.25 Adjustable to water,
20x/0.7 IMM glycerol, immersion
CORR CS2 oil
Confocal HCX PL APO 0.22 Water, RI: 1.33
63x/1.2 Water CS
Lightsheet HC PL FLUOTAR 7.8 Glycerol, RI: 1.475;
5x/0.15 IMM DLS ECi, RI:1.558
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2.8.2.1 Laser confocal fluorescence microscopy

The laser intensity, smart gain, pinhole and offset value for each fluorescence channel
are used to modify the brightness and noise ratio of images. The start and end point
of the scanning are determined by turning the Z-position knob to each end of the
volume of interest. In order to get a high quality of the image and save scanning time,
several parameters are kept constant: the z-step size: 4-5 ym; format: 1024x1024;
speed: 600 Hz; bidirection: on; line average and frame average: 2.

After scanning, the reconstructed 3D images can be further modified by adjusting the
options such as shading, opacity, minimum, maximum, gamma and intensity in the 3D

viewer of LAS X software

2.8.2.2 Light sheet fluorescence microscopy

Based on the longer working distance of the objective with LSFM, the maximum
scanning depth can reach 1.5 mm. The LSFM can acquire images at a speed 100 to
1000 times faster than a point-scanning confocal microscope. At the same time, it
always generates the same amount of data. In order to balance the quality of image
and amount of the data, several parameters are set: the resolution (in term of binning):

2X2; the z-step size: 4-5 ym, speed: 600 Hz.

2.9 Data storage and quantitative 3D cell morphometry of lung metastases

Both of the LCFM and LSFM are directly connected to the computing center of
University of Heidelberg via light wires with a transfer rate of 10GB/sec. All the data
are stored there in the Scientific Data Storage (SDS) where the data can accessed in
at high speed and in an efficient way.

For the quantitative analysis of neutrophil cells distribution in the lung metastases, Fiji
and MATLAB software were applied. Maximum intensity projection image after 3-class
classification was achieved by Fiji plugin, Tainable Weka Segmentation. X*Y (40x40)
was defined as boxes, and the total pixels of neutrophil cells in 3D were calculated for
each point by MATLAB. Finally, the histogram of neutrophil cells distribution was
smoothed by Gaussian filter with std deviation=2.
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3 RESULTS

3.1 3D fluorescence imaging of MHI148-PEl-stained lung vasculature after ECi
based OTC

We sought to visualize the vascular network in the lungs after using the ECi clearing
technique, an optimized method our group recently reported (Huang et al., 2019). To
prove the strength of this advanced 3D imaging technique, we labeled during perfusion
the lung vasculature with MHI148-PEI, a cationic dye which was developed by our
group (EP 2 944 326 Al). The tissue showed a high degree of optical transparency
after ECi based OTC (Fig. 5B (3)). As illustrated in Fig. 6B, the MHI148-PEI labeled
lung vasculature was clearly revealed after ECi based OTC. The fluorescence intensity
of the cationic dye was well preserved after the ethanol and ECi clearing process. By
autofluorescence imaging, we can also get a rough 3D structure of the alveoli (Fig.
6A). Fig 6C and 6D show the overlay and depth coding of these scans giving a better
understanding of the vasculature distribution. A section of about 350 ym depth was
scanned as indicated by the depth bar with color code. (Experiments were performed

five times and repeated with similar results)
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Figure 6. 3D imaging of MHI148-PElI-labeled vasculature in normal lung tissue scanned using

the 20x objective of the LCFM. The dye was administered during perfusion via the abdominal
aorta, and the lung was collected and processed by ECi based OTC. A: 3D visualization of the
alveoli by using their autofluorescence (green). B: 3D reconstructed image of the vasculature
(red) in normal mice lung. C: Overlay image of the autofluorescence (green) and vasculature
scanning (red). D: Depth coding image of the fluorescence labeled lung vasculature. A

thickness of about 350 um was scanned as indicated by the depth bar with color code.

We also imaged the MHI148-PEl-stained and ECi cleared lung by LSFM equipped with
5x objective. Compared with 20x objective of the LCFM, we got a more comprehensive
structure of the lung vasculature, but with a lower magnification. Fig. 7A shows the
profile structure of the lung detected by the autofluorescence scanning, in which the
tube-like structure with high green fluorescence intensity in the central part indicates
the bronchi. We successfully visualized the vasculature in lung at a depth of > 1.4 mm
as showen in Fig. 7B and 7D. Fig. 7C gives the overlay of the autofluorescence and
dye scanning in which we can find that the vasculature is distributed around the bronchi

in 3D vision. (Experiments were performed five times and repeated with similar results)
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Figure 7. 3D visualization of MHI148-PEl-labeled vasculature in normal lung tissue by LSFM
equipped with 5x objective. The dye was administered during the perfusion via the abdominal
aorta, and the lung was collected and processed by ECi based OTC. A: 3D profile structure of
lung tissue (green) detected by autofluorescence scanning. B: 3D reconstructed image of the
vasculature (red) in normal mice. C: Overlay image of the autofluorescence (green) and
vasculature scanning (red). D: Depth coded image of the fluorescence labeled lung
vasculature. We successfully visualized the vasculature in lung at a depth of > 1.4 mm as
shown by the depth-coding bar.

In short, by applying the retrograde perfusion and ECi based OTC procedure, a
detailed 3D visualization of the lung vasculature can be performed. In Fig. 6B and 7B,
the vessels showed a hollow tubular structure, which was well perfused, stained and
fixed. This also demonstrates that the retrograde perfusion, which is much more easier
to perform as compared to the commonly used transcardial perfusion technique, can

be widely used in the pulmonary pathology research.

3.2 3D immunofluorescence visualization of the normal lung by ExM

Because of the constitutional heterogeneity of different cells in lung, we tried to reveal
the 3D pulmonary structure by ExM and different antibody immunofluorescence

stainings. (Experiments were performed five times and repeated with similar results)

Aquaporin5 (AQP5) is a specific membrane marker of the type 1 alveolar epithelial
cells and CD31 is a widely used marker of the vascular endothelial cell membrane. We
found that the antibodies against AQP5 and CD31, which were widely used in
conventional immunohistochemistry, could also be used to reveal the structure of
alveoli and vessels in 3D imaging. As we can see in Fig 5C (3), the 500 um thick mouse
lung tissue after polymerization and removal of the excess hydrogel showed a high
degree of transparency. In Fig. 8A, the autofluorescence (green) indicated the profile
of lung tissue which contains alveoli, bronchi and vessels. Obviously, it is impossible
to identify them individually by autofluorescence scanning. The 3D structure of alveoli
(Fig. 8B) and vascular branches (Fig. 8C) in lung were revealed by anti-AQP5 and
anti-CD31 antibody immunofluorescence staining after ExM. The three channels
overlay (Fig. 8D) allowed the visualization of the spatial association between bronchi,
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alveoli and vessels. By the high magnification 63x water immersion objective, we could
get a more clear 3D image of the alveoli made up of type 1 alveolar epithelial cells
(green) and the capillaries (red) going through the interstitial tissue between type 1

alveoli epithelial cells, as shown in Fig. 9.
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Figure 8. 3D visualization of the anti-AQP5 and anti-CD31 antibody stained lung slice
(thickness: 500 ym) after ExM scanned with the 20x objective of LCFM. A: 3D profile of the

normal mouse lung using autofluorescence (green), in which high intensity structures indicate
vessels and bronchi. B: 3D structure of the alveoli (white) stained with anti-AQP5 antibody in
a normal mouse lung. C: 3D visualization of the vasculature (red) stained with anti-CD31
antibody. D: Overlay image of the autofluorescence, alveoli and vasculature. Green
fluorescence was used to identify lung tissue profile by autofluorescence. White fluorescence
was used to identify anti-AQP 5 antibody stained type | alveoli epithelial cells. Red fluorescence
was used to detect anti-CD31 antibody stained vascular endothelial cells. Scale bar, 500 um.
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Figure 9. Reconstructed 3D image of alveoli in normal lung slice (thickness: 500 um) after

ExM and immunofluorescence staining. With the 63x water immersion objective of LCFM, we
detect the capillaries (red) and the alveolar interstitium (green). Green fluorescence was used
to identify anti-AQPS5 antibody stained alveolar epithelial cells. Red fluorescence was used to

detect anti-CD31 antibody stained vascular cells. Scale bar, 100 um.

To further evaluate our ExM and immunofluorescence staining protocol, more
antibodies were used to image the 3D bronchial structure. Since tissue
autofluorescence is strong in the blue-green spectrum, fluorophores in far-red
spectrum are helpful to reduce background. In the following experiment, we used Alexa
Fluor-647 for both antibody stainings. The acetylation of a-tubulin on lysine 40 (K 40)
is one of the earliest tubulin post-translational modifications discovered to regulate
microtubule inner proteins and intracellular transport. a-Tubulin is de-acetylated by
histone deacetylase family member 6 (HDACG6) and is acetylated by a-tubulin acetyl

transferase.
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In lung tissue, acetylated a-tubulin (a-Ac-Tub) has been verified as a marker of ciliated
cells on the bronchial epithelium which exhibits an ability to clear mucus from the
airway. As shown in Fig. 10, anti-a-Ac-Tub stained bronchial cilia (red) were mostly
located on the bronchi and uniformly distributed throughout the surface of the normal
bronchial epithelium. Autofluorescence (green) was used to show the profile structure

of the lung tissue.

E-cadherin is a commonly expressed marker on epithelial cell membranes, but
especially higher expressed on bronchial epithelial cells as compared with alveolar
epithelial cells. With anti-E-cadherin antibody staining, 3D imaging after ExM revealed
the branches of the bronchi (red) in Fig. 11. Around the bronchi, there are also some
high intensity signal tubular like-structure (green) detected by autofluorescence
scanning, which indicate lung vessels. Consistently, the 3D imaging strongly proves
that the E-cadherin is more expressed on bronchial epithelium than on the alveolar

epithelial cells.
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Figure 10. 3D visualization of bronchial cilia (red) stained with anti-acetyl-tublin antibody in a

500 um thick lung slice using the 20x objective of LCFM. Green fluorescence was used to
identify profile structure of lung tissue by autofluorescence. Red fluorescence was used to

identify anti-acetyl-tublin antibody stained bronchial cilia.
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Figure 11. 3D visualization of anti-E-cadherin antibody stained epithelial cells on a 500 pm
thick lung slice imaged by 20x objective of LCFM. A: 3D reconstructed image of the epithelial
cells (red, mostly bronchial epithelial cell) stained with anti- E-cadherin antibody. Green
fluorescence was used to identify lung tissue profile structure by autofluorescence. B: Higher
magnification of the bronchial structure than in A with different channels ((1) green-
autofluorescence, (2) red-anti-E-cadherin antibody, and (3) overlay image) showed a clearer
3D structure of the bronchial cilia.

3.3 3D imaging of the vasculature in paraffin-embedded lung blocks

In order to further extend the applicability of the established 3D imaging method, we
next investigated whether this protocol can be performed on lung tissue embedded in
paraffin blocks. 20 years old paraffin-embedded normal lung tissue blocks were
recovered by deparaffinization and rehydration, then subjected to ExM and stained.

(Experiments were performed five times and repeated with similar results)

The anti-CD31 antibody is widely used for vasculature staining in routine pathological
diagnosis, and it works fine with ExM protocol. 3D imaging of an anti-CD31 antidoby
stained lung after denaturation revealed the big vessels (red) full of erythrocytes, which
showed high autofluorescence intensity (green) (Fig. 12A). Fig. 12B shows the depth
coding of anti-CD31 antibody stained big vessels and capillaries in the lung. A scan

depth of 250 ym was used as indicated by the depth-coding bar with color.

As shown in Fig. 13A, big vessels and vascular junction were revealed in another
paraffin embedded-lung after ExM and anti-CD31 immunofluorescence staining. A
section depth of 330 um was scanned (Fig. 13B). All these results demonstrate that
our 3D imaging pipeline of ExM definitely can be applied for the pathological research

on paraffin embedded lung.

41



Results

Figure 12. 3D imaging of vasculature on paraffin-embedded normal lung tissue. A: 3D

reconstructed image of anti-CD31 antibody stained vessels (red) after ExM using LCFM (20x%
objective). Green fluorescence was used to identify lung tissue profile by autofluorescence.
The high green fluorescence intensity in the vessels is due to erythrocytes. B: Depth coding
image of the antibody stained vasculature and branches. A section of about 250 ym was
scanned as shown in the depth-coding bar. Scale bar, 200 ym.
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Figure 13. 3D visualization of the vasculature of paraffin-embedded normal lung tissue after
ExM using LCFM (20x objective). A: 3D reconstructed image of anti-CD31 antibody stained

vessels (red). B: Depth coding image of the antibody stained vasculature and branches in a

lung. A depth of about 330 yum was scanned as indicated by depth-coding bar. Scale bar, 500
pm.
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3.4 3D imaging of the microvasculature 10 year old in paraffin-embedded lung

metastases

Toward evaluating ExM as a tool of 3D imaging analysis in cancer research, the
potential of our EXM pipeline to investigate the vasculature in lung metastases was
examined. The paraffin-embedded lung from a lung metastasis model induced by
Lewis lung cancer cell line intravenous injection in mice was de-paraffinized and
rehydrated. ExM and anti-CD31 antibody immunofluorescence staining was performed
to identify the vasculature in these 10 years old lung metastases. (Experiments were

performed five times and repeated with similar results)

3D reconstruction of the intense tumor capillary bed (red) could be achieved and
provided a precise and integral map of the microvascular network (Fig. 14A). It is
interesting to find that the metastasis nodule was revealed automatically with a clear
circular boundary after ExM. Fig. 14B is the high magnification image of the highlighted
area (white box) in Fig. 14A to show in detail the complex structure of the vasculature
in lung metastases. As shown in Fig. 14C, the dark area in the central part of the tissue
indicates that the sample is out-of-focus plane; however, the normal lung around the
tumor nodule can be imaged in focus at this point. It means that the surface of
metastases and normal lung tissue around are not in the same plane after ExM. As a

result, the metastases showed up automatically under confocal microscopy.
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Figure 14. 3D image of the anti-CD31 antibody stained microvasculature in paraffin-embedded

lung metastases tissue acquired by LCFM (20x objective) after ExM. A: 3D image of the
complex capillary network (red) could be demonstrated. It is interesting to find that the
metastasis nodule was revealed automatically with a clear circular boundary after ExM. B:
High magnification image of the rectangle indicated area in A shows in detail the complex
vascular network in lung metastases. C: The dark area in the central part of the tissue shows
the profile of lung metastasis nodule which indicates that the sample is out-of-focus. The
reason why they were imaged in different focus planes by confocal microscope may be that
the lung metastases and normal lung tissue around were expanded differently since they are
made up of different kinds of cells and matrix. Green fluorescence was used to identify lung

tissue profile.

In order to further investigate the metastases nodule distribution in relationship with
the vascular network, we then combined anti-CD31 antibody immunofluorescence
staining with nuclear counterstaining with Sytox green. In addition, the tile scan tool of
confocal microscopy allowed us to image a larger area of the lung tissue. In Fig. 15A,
reconstructed 3D image distinguished the lung metastasis nodules, which showed high
intensity and accumulation of Sytox green signal (blue), from the normal lung tissue.
Fig. 15B demonstrated that the vasculature structure (red) in the metastasis nodules

were definitely different from the normal lung tissue. This difference may also be helpful
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to distinct the tumor metastases from normal lung tissue. The Sytox green and anti-
CD31 antibody immunofluorescence staining are overlaid in Fig. 15C and depth coding
of the vessels (Fig. 15D) gave us a better understanding of the metastases and

vasculature distribution in the lung metastasis tissue. The scan had a depth of 310 um.
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Figure 15. 3D imaging of paraffin-embedded lung metastases tissue co-stained with Sytox
green and anti-CD31 antibody after ExM. A: The lung metastasis nodules and normal lung
tissue were stained with Sytox green (blue) to show the profile structure of the tumor nodules
and normal lung tissue around it. High intensity and accumulation of Sytox green can be
detected in the tumor nodules. B: 3D image of complex vascular network (red) in lung
metastasis nodules and normal lung tissue stained with anti-CD31 antibody. C: Overlay image
of the Sytox green (blue) and anti-CD31 antibody (red) staining. D. Depth coding image of the
anti-CD31 antibody stained vascular structure (B) in lung metastases and normal lung tissue.
The scan depth of 310 um was used as indicated by the depth-coding bar with color. All the
data were imaged by 20x objective of LCFM.

3.5 3D visualization and quantitative analysis of the neutrophil cell distribution

in paraffin-embedded lung metastases

Immune cell content and distribution in the tumor microenvironment can provide
valuable information about metastasis, prognostic and possibly therapeutic strategy in
tumor progression. To further extend the applicability of the ExM protocol, we sought

to investigate the efficacy of this method for detecting and quantifying the neutrophil
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cell invasion in lung metastases. (Experiments were performed five times and repeated

with similar results)

Using ExM and anti-Ly6G antibody immunofluorescence staining, the 3D distribution
of Ly6G-positive neutrophil cells (red) residing in the lung metastasis nodule and
adjacent lung tissue was successfully visualized (Fig. 16). It is obvious that an
increased number of Ly6G-positive neutrophil cells is observed in the lung metastasis

nodule as compared with the surrounding lung tissue, suggesting the active

recruitment of neutrophil cells during lung metastasis development.

Figure 16. 3D mapping of the neutrophil cell distribution in paraffin-embedded lung
metastases. The distribution of Ly6G-positive neutrophil cells (red) residing in the lung
metastasis nodule and adjacent lung tissue was successfully visualized by 20x objective of
LCFM after ExM. Obviously, an increased number of Ly6G-positive neutrophil cells occurs in
the lung metastasis nodule as compared with the adjacent lung tissue. Green fluorescence

was used to identify tissue profile structure by autofluorescence.

49



Results

«10%
5

Cell area
N w
L L

=Y
L

H
(= =]
)

Distribution of cells using 40x40 boxes: RAW DATA

50



Results

C Distribution of cells using 40x40 boxes: SMOOTHED by GAUSSIAN with Std Deviation=2 . 10*

<10%
25 <

Cell area

Figure 17. 3D guantitative analysis of neutrophil cells distribution in the lung metastases and
adjacent lung tissue by Fiji and MATLAB. A: Maximum intensity projection of Fig.16. Green:
lung tissue; red: background; purple: neutrophil cells. B: 3D plot of neutrophil cells distribution
using 40x40 pixels grids: Raw data. C: The smoothed raw data of neutrophil cells distribution.

The color bar represents the total pixels occupied by neutrophil cells.

As shown in Fig.17A, the maximum intensity projection of Fig.16 was obtained after 3-
class classification using Fiji plugin, Trainable Weka Segmentation. It demonstrates
that there is a distinct accumulation of neutrophil cells (purple) in the lung metastases,
which is indicated by the area showing the lack of lung tissue (green). For 3D
distribution plot, MATLAB was used. We were able to get a 3D plot of neutrophil cells
distribution and a smoothed raw data using a Gaussian filter with standard distribution
of 2 (Fig.17B and 17c), which obviously give a better understanding of the amount of
neutrophil cells accumulation in lung metastases in 3D level. This analysis revealed a
significant imbalance of neutrophil cells accumulation between the lung metastases

and peripheral lung tissue.
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4 DISCUSSION

The results of this thesis can be summarized as follows:

1. A protocol for a retrograde perfusion combined with trachea ligation of the lung
in mice was established. It was possible to harvest the perfused lungs while preventing
a collapse of the alveoli. Furthermore, it could be demonstrated that using our MHI148-
PEI dye it was possible to stain the vasculature of an entire lung during perfusion. Thus
no incubation with an antibody was needed.

2. The lung could be easily cleared by using ECi. Furthermore, the ECi could be
removed and a normal immunohistochemistry could be performed.

3. A protocol was established allowing expansion of the lung (ExM).

4, A protocol was introduced to “revitalize” 20 year old paraffin embedded lungs
allowing the staining of the vasculature.

5. In addition, 10 years old paraffin embedded lung metastases were visualized
and their microvasculature were identified. During this process, it was noted that
different tissue types (metastasis versus normal lung) expanded differently.

6. We were able to visualize and quantitative analyze the neutrophil cell

distribution in paraffin embedded lung metastases.

4.1 Animal perfusion

The perfusion technique aims to remove as much blood as possible from the animal
before harvesting the different organs. As the lung is a soft organ full of air it is prone
to collapse after harvesting. Thus special procedures must be considered in collecting
and preserving the tissue, especially for the morphological studies of the lung. There
are many different methods of lung fixation/preservation: (1) right ventricular perfusion,
(2) trachea instillation of fixative solution, (3) intrathoracic in situ fixation (Braber et al.,
2010; Gandjeva and Tuder, 2018). However, Hausmann et al. demonstrated that none
of these techniques could completely meet the requirements of morphological study in
lung (Hausmann, 2006). The right ventricular perfusion can flush away the blood from
the pulmonary vascular system completely, but severe edema may occur when the
lung is perfused with inappropriate pressure values. Another weakness is that a lung

collapse happens after opening the thoracic cavity due to the loss of the negative
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pleural pressure. Trachea instillation with fixation solution can preserve lung tissue and
keep the lung inflated in a good way, but it always results in microarchitecture distortion
and size changes of the alveoli by unstable pressure perfusion. Ochoa et al. reported
that they extracted the lung after transcardiac perfusion combined with tracheal
instillation, however, the lung was still unevenly expanded after collapsing during
transcardiac perfusion (Ochoa et al., 2018). It was quite hard to control the perfusion
pressure manually. The intrathoracic in situ fixation can provide the best protective
effect for the morphology of the alveoli and air space volume since lungs are extracted
after the intact thorax in toto were fixed in formaldehyde solution for nearly 1 week
(Hausmann et al., 2004). However, it always takes such a long time to complete fixation
of both the lungs and thoracic cavity together, and blood still exists in the vasculature.

In our retrograde perfusion protocol, we perfuse the mice via the abdominal aorta to
keep the thoracic cavity intact through the whole perfusion process. Thoracic cavity
integrity is the most critical factor to maintain the negative pleural pressure that keeps

the lungs expanded (Negrini and Moriondo, 2013).

During our perfusion process lung tissue will be kept inflated all the time because the
operation site of perfusion is in the abdomen. Since a Jun-Air compressor and a
syringe pump drive the perfusion system and all of them are connected with tubes, it
is pressure- and volume-controlled. After the perfusion with a saline/heparin and 4%
PFA solution at a constant pressure, the whole blood of the mice is flushed away and
lungs are also preliminarily fixed without any structural distortion. Furthermore, after
perfusion, the cervical part of trachea was isolated and ligated with a suture to avoid
the lungs to collapse before opening thoracic cavity to extract the lungs. Based on all
the images of perfused lungs in the result part (Fig. 6-11), we demonstrate that the
lung morphology is very well preserved by our retrograde perfusion protocol combined

with trachea ligation.

The retrograde perfusion protocol also allows collecting all the organs in mice, which
is consistent with animal protection welfare principles (3R). Additionally, the staining
dyes can be perfused throughout the whole body of the mice that enables the staining
and harvesting of all organs in one time and incubations with dyes are no longer

needed.
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4.2 ECi-based OTC

In 3D imaging the dye with a proper wavelength should be considered according to the
imaging purposes. For example, a bright fluorescent dye, which is close to infrared
wavelength, can always give better result due to their low signal to noise ratio and
higher penetration rate into the tissue (Renier et al., 2014). MHI148-PEI, a dye
previously developed at the Medical Research Center of the Universitatsklinikum of
Mannheim, Germany, is characterized with a large number of positive charges, infrared
fluorescence emission and high molecular weight (Huang et al., 2019). The positive
charges come from the branched PEI group and can promote the electrostatic binding
of the dye and the glycosaminoglycans on the vessel wall (Longmire et al., 2008). As
expected, in the Fig. 6-7, the infrared fluorescence spectra of MHI148-PEI gives good
results about lung vasculature due to its deep penetration depth into tissue and high

signal-to-noise ratio (Huang et al., 2019).

In our experiments, we always imaged the samples with a 488 nm laser to get tissue
autofluorescence, which was a powerful tool to distinguish the profile structure of the
tissue. The intrinsic autofluorescence arises from endogenous fluorophores, such as
mitochondria, lysosomes, NADPH, flavin coenzymes, and collagen in extracellular
matrix, which are unevenly distributed in different components of the tissue (Croce and
Bottiroli, 2014; Monici, 2005). Even though the autofluorescence is often considered
as noise or background, some studies have already demonstrated that the intensity
and distribution changes of autofluorescence could be applied in basic research and
diagnostics without any external probes in cell biology and tissue histology (Jamme et
al., 2013; Rivenson et al., 2019).

The ECi based OTC protocol was firstly reported by Klingberg et al in kidney research
(Klingberg et al., 2017). Different from other organic solvent based OTC techniques,
ECi is a cheap, non-toxic and ready-to-use solvent which is quite suitable for an
efficient and fast clearing process. In the past two years, it is becoming more and more
popular in different tissues apart from the kidney. Saritas et al. reported that
multicellular microstructures of thick mouse kidney slices could be visualized in 3D
after antibody labelling combined with ECi based OTC by conventional confocal
microscopy (Saritas et al., 2019). Saritas et al. also demonstrated that a low potassium
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dietary promotes the proliferation of distal convoluted tubules and medullary collecting
ducts by immunolabeling after ECi based OTC (Saritas et al., 2018).

Henning et al. developed a new protocol that combined immunolabeling and ECi based
OTC with an effective melanin bleaching step, which enabled 3D investigation of
vascular leakage and neovascularization in the intact eyeballs (Henning et al., 2019).
Using simple ECi based OTC clearing and light sheet microscopy, Griineboom et al.
found that there are hundreds of trans-cortical-vessels connected to the periosteal
circulation in both mouse and human long bones, which permits a rapid transportation
of neutrophil cells from bone marrow into the general circulation for host defense
(Griineboom et al., 2019). Masselink et al. verified that ECi based OTC method could
be used in a wide range of biological models, such as zebrafish, axolotl, human
organoids and Drosophila melanogaster. More importantly, the normally used
fluorescent conjugations, including Alexa Fluorophores, GFP, mCherry and Brainbow,
all “survived” the whole ECi clearing process (Masselink et al., 2019). However, there
is not any specific report about the ECi based OTC in the histological morphology of
the lung until now. The current protocols are also hampered by the long processing

time and are labor intensive.

In the previous study, our group optimized the primary ECi based OTC protocol
reported by the Klingberg’s group. We reduced the whole processing time from one
day or several weeks to only 4 hours without any compromised clearing efficacy. The
whole dehydration and clearing process were performed under vacuum and at room
temperature by an automatic tissue processor, which allows high throughput and is
more efficient. The room temperature and vacuum can improve the diffusion of
reagents into the tissue. The samples were brought from 50% directly to 80% ethanol
in the optimized protocol instead of from 30% to 70% ethanol in the original. This

change was adopted to ensure a faster and stronger dehydration.

Additionally, the fluorescence intensity of the dye can be better preserved in the ECi,
even for a long time storage, as compared with other clearing methods (Huang et al.,
2019). Using confocal microscopy the MHI148-PEI fluorescent dye can still be
detected in the kidney after being stored in ECi for more than one year. However, in

the widely used 3DISCO protocol, one of the key drawbacks is the severe degradation
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of the fluorescent signal (Erturk et al., 2012). In the Fig. 6-7, we demonstrate that our
optimized ECi based OTC protocol also works well with lung tissue and MHI148-PEI
staining, which enables 3D imaging of the lung vasculature.

Bronchial angiogenesis and remodeling of pulmonary circulation are reported to
decline during the progression of many chronic lung disorders, such as asthma, chronic
obstructive pulmonary disease, lung transplantation and even pulmonary hypertension
after heart transplantation (Delgado et al., 2005; Harkness et al., 2014). The advantage
of our imaging protocol is that the whole vasculature can be imaged in 3D and that it
will enable an automated quantification of 3D projection and surface reconstruction in
a quick way. Therefore, it could be a powerful tool for the research of vascular

remolding-related lung diseases.

Nowadays, macromolecular drugs, for example, antibodies, proteins, hormone therapy
and target/immunotherapy, play an important role in the treatment of various kinds of
cancers (Carter and Lazar, 2018; Serna et al., 2018). However, these drugs display
different vascular penetration rates, tumor distribution profiles and pharmacokinetic
characteristics in the human body circulatory system and tumor tissue (Thurber and
Weissleder, 2011). Our protocol could also be used to image and analyze the spatial
distribution, vascular extravasation and penetration of these macromolecular drugs in
the lung cancer or metastases in 3D level, which is critical to the new anti-tumor drug
development. At the same time, researchers are also encouraged to extend this
protocol to test its availability on other vascular related diseases of the lung, especially

with regard to the whole mount structures with 3D projection.

In the next step, we tried to combine the optimized ECi based OTC with the
conventional antibody staining to extend the scope of application. Different protocols,
including immunofluorescence staining before- and after- ECi clearing, had to be
established in the 3D imaging of the lung tissue. Even though the immunofluorescence
staining and imaging works well in both of the protocols (data not shown), the alveoli
were mostly deformed at last. The main reason might be that the structural stability of
intact alveoli was destroyed due to the long-term immersion in antibody staining and
washing. However, it is unavoidable that it always takes quite a long time to finish 3D

immunofluorescence labeling because of the low antibody penetration rate in thickness
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tissues (Renier et al., 2014). Then, we decided to develop another 3D
immunofluorescence labeling and imaging protocol for the lung tissue research, in

which alveoli structure should be well preserved through the whole process.

Summary of this part is: our research demonstrates that the 3D distribution of lung
vasculature can be imaged after perfusion with the newly developed MHI148-PEI dye
and ECi-based OTC in a time saving and highly efficient way. In the future, this protocol
definitely has a high potential to be used in pathology for the analysis of vessel related

diseases of the lung.
4.3 ExM and 3D immunofluorescence

Expansion microscopy (ExM) is a recently developed method that enables 3D high
resolution imaging by isotropically and smoothly expanding labels or biomolecules
fixed in a dense, cross-linked swellable polyelectrolyte hydrogel away from each other
(Chen et al., 2015). By this way, labels in a diffraction-limited area are separated in a
high distance and can be resolved by conventional microscopes.

In the past few years, a diversity of ExM protocols for 3D high-resolution imaging of
different samples have been reported. Chozinski et al. demonstrated that the fine
structural details, including glomerular basement membrane, cytoskeleton and
podocyte foot processes of mouse and human kidney tissue that traditionally could
only be visualized by electron microscopy, could be imaged and measured by using
ExM with a conventional confocal microscopy. This accessible and inexpensive
protocol enables volumetric interrogation of kidney tissue with 70-300 nm resolution
(Bucur and Zhao, 2018; Chozinski et al., 2018). Apart from the normal tissue, Jiang et
al. applied an ExM protocol in a 3D imaging study of fine intracellular structures and
interactions of Drosophila embryos, larval brans and body walls (Jiang et al., 2018).
They revealed features of presynaptic active zone that could not be observed with
standard confocal microscopy. Altogether, they recommended optimizing tissue-
specific ExM protocols for different research objectives. Combining super-resolution
with ExM, for the first time, Cahoon et al. proved that there are two visually distinct
layers in the Drosophila synaptonemal complex, perhaps suggesting that each layer

connects one sister chromatid from each homologous chromosome (Cahoon et al.,
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2017). This could contribute to understand the architecture and mechanics of the

synaptonemal complex protein.

The ExFISH protocol was also established for expansion microscopy of mRNA as well
as long noncoding RNAs in both cultured cells and intact brain tissue, which enabled
3D high-resolution imaging of RNA structure and location in thick tissues (Asano et al.,
2018; Chen et al., 2016). Apart from intracellular structures like centrioles, proteins and
MRNA distribution in cells and tissues, many other studies proved that ExM is even
suitable to study bacteria and larger viruses, including influenza, herpes or HIV down
to a particle size of 65 nm (Kunz et al., 2019). Lim et al. extended the application of
ExM protocol to bacteria studies and demonstrated its applicability in imaging microbial
communities and cell-to-cell heterogeneity among bacteria infected macrophages (Lim
et al., 2019).

Zhao et al. applied a modified ExM protocol, which was named: expansion pathology
(ExPath), into 4 ym slices of normal lung and lung cancer, but the quality of the 2D
image was so poor and the information obtained by these thin slices were limited (Zhao
et al., 2017). Hence, the application of ExM protocol in lung tissue and -related
diseases has so far been limited.

Based on the powerful ability of tissue clearing and the principle of embedding tissue
in a dense swellable polymer network, we speculated that ExM protocol might be
helpful to preserve the lung morphology in the immunofluorescence labeling and 3D
imaging. Therefore, in the next part, our research focused on the high-resolution 3D
imaging of lung using ExM. At the beginning, we tried to reveal the 3D structure of the
perfused normal lung by ExM combined with immunofluorescence staining with
different antibodies. The majority constituents of lung are capillary and alveoli, which
are mainly made up of vascular endothelial cells and type | alveolar epithelial cells, so
the specific markers to them were chosen to image the normal lung structure. As
mentioned above, the tissue intrinsic autofluorescence can be used to detect the profile
morphology of samples. We found that both of the large vessels and bronchi showed
high intensity of autofluorescence after ExM, but it was hard to recognize the structures
individually. With immunofluorescence labeling of the specific vascular endothelial cell

marker-anti-CD31 antibody, we can easily distinguish the vessels from bronchi in 3D,
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as shown in Fig.8. In Fig. 9, the 3D high-resolution structure of alveoli and capillaries
in the alveolar interstitium were visualized by ExM and immunofluorescence labeling
with anti-AQP5 and anti-CD31 antibody using a 63x high magnification objective,
which has never been reported in previous research. The traditional methods to
analyze pulmonary microvascular and alveolar epithelial permeability are lung dry/wet
ratios, Evans blue fluorimetry and albumin concentration ratios between blood and
bronchoalveolar lavage fluid (Gao et al., 2011; Peng et al., 2019). All of these indicators
are indirect measurement methods based on the vascular pathophysiology. Regarding
the high-resolution 3D structure of alveoli and interstitial, we hypothesize that the
pulmonary microvascular and alveolar epithelial permeability may be analyzed by high-
resolution 3D imaging with specific marker labelling directly in the future.

Bronchial cilia, the main components of the mucociliary clearance system, transport
inhaled foreign substances, including irritants, dust, mucus, microorganisms and so
on, out of the respiratory tract (Ganesan et al., 2013). This kind of defense mechanism
is the so-called first innate protective barrier of our human body. The patients with
primary ciliary dyskinesia and cystic fibrosis are susceptible to recurrent infections of
the airways and lung due to the defects of mucociliary clearance system (Munkholm
and Mortensen, 2014; Robinson et al., 2000). Apart from congenital defect disease,
viral or bacterial infection and cigarette smoking can also cause a severe loss of cilia

due to the apoptotic effect of inflammation (Wang et al., 2012; Wu et al., 2016).

However, most of the data about cilia in bronchi were obtained by electronic
microscopy or immunofluorescence staining with slices. Although the electronic
microscopy can obtain a high resolution scanning, it is expensive and the image
acquisition can be so complex. For the immunofluorescence staining with slices, they
could only image a small area of the bronchi and the image quality is often poor. It is
hard to demonstrate the ciliary changes caused by congenital or exogenous factors.
Therefore, we highly recommend revealing the ciliary abnormalities by our 3D imaging
protocol in pulmonary diseases. Our approach can definitely give a high resolution and

comprehensive overview.

For other structures than the cilia on the surface of bronchial epithelium, we tried to

test our protocol in the full thickness of bronchial epithelium with the widely expressed

59



Discussion

epithelial cell marker: anti-E-cadherin antibody. The Fig. 11 demonstrates that the anti-
E-cadherin antibody penetration in the full thickness of the bronchial epithelium is
excellent and it gives a good staining. Bronchial epithelium remodeling, including loss
of epithelium integrity, sub-epithelium fibrosis, thickening of basement membrane,
increased smooth muscle layers, submucosal gland enlargement and
neovascularization, occurs in almost all airway diseases, among them the most typical
diseases are chronic obstructive pulmonary disease and asthma (James et al., 2002,;
Redington and Howarth, 1997; Saetta et al., 2001; Schmiesing, 2004). At present,
assessment methods of body fluids, such as bronchoalveolar lavage fluid, induced
sputum, blood and exhaled breath condensate, provide only indirect indicators of the
inflammatory and remodeling processes that may be going on. However, these indirect
markers are mostly not so specific to the airway duct or can be affected by so many

external factors, and the results always lack spatial localization.

The standard techniques for the assessment of bronchial epithelium remodeling mostly
relay on histochemical and immunohistochmical staining with 4 um slices to detect the
changes of collagen, mucus glands, extracellular matrix proteins and profibrotic
cytokines (Bergeron et al., 2007; Jeffery et al., 2003). The assessment methods of thin
sections are more likely to cause significant regional sampling biases due to the only
small areas, which prohibits the analysis of airway remodeling over large volume
(Antoniou et al., 2015). The ExM protocol employed in our study allows evaluation of
epithelial components throughout the full thickness of bronchi and the lung tissue
around in 3D with a high resolution, which can be used to investigate the spatial
distribution of collagen, immune cells and cytokines in the process of airway
remodeling in the future. It may also be helpful to provide a global 3D view of
pathological structure changes in the evaluation of developing new treatment strategy
for the airway diseases.

4.4 EXM with lung metastases from paraffin blocks

In order to make a wider use of the ExM technique possible, its compatibility with
material from paraffin blocks was verified in the next study. Zhao et al. developed an
ExPath protocol and applied it in the human tissue specimens fixed with formalin and
embedded in paraffin (Zhao et al., 2017). However, only sections were used in the

ExPath protocol and the quality of 2D images was poor. Nojima et al. applied the
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CUBIC pipeline, another tissue clearing and 3D imaging technique, to paraffin
embedded tumor tissue blocks from patients (Nojima et al., 2017). This protocol works
well with paraffin blocks, but the resolution of the 3D images was too low and the
information was limited. In our research, paraffin embedded lung tissue blocks were
recovered using deparaffinization and rehydration, and then they were processed with
the ExM protocol directly. Fig.12 and Fig.13 demonstrate that the conventional anti-
CD31 antibody and ExM protocol are working not only with newly PFA-fixed lungs but
also with thick lung tissue derived from paraffin blocks, which definitely will promote
the application of our EXM protocol in the clinical diagnostic pathology. Since the tissue
size uniformly expands two times after denaturation, the resolution of images achieved
by ExM is at least 2x2x2 times higher than the traditional histological assessment under

the same confocal microscope.

Based on the nice immunofluorescence staining and 3D structure of lungs achieved
by ExM, we decided to apply it in the study of vasculature and neutrophil cells in the
lung metastases, which are interesting research targets concerning the treatment of
tumors (Bird, 2016; Hanahan and Weinberg, 2011). The formation of complex
vasculature networks / tumor angiogenesis, which not only supplies nutrients required
for tumor growth but also provides a metastatic route, is a well-recognized feature of
cancer (Ronca et al., 2017). Previously, researchers mainly focused on inhibiting tumor
growth and metastasis by preventing or destructing tumor angiogenesis to starve the
tumor (Lange et al., 2011; Shahneh et al., 2013).

The most popular therapeutic intervention for suppressing tumor angiogenesis is the
application of bevacizumab, a human anti-VEGF antibody, which has been assessed
in more than three hundred clinical trials in nearly twenty different kinds of tumor types
(Heath and Bicknell, 2009). Despite of the conventional theory that anti-angiogenic
therapy inhibits tumor growth and metastasis, growing evidence demonstrates that the
anti-angiogenic strategy may result in intratumoral hypoxia due to the vascular
regression and rarefaction, and eventually leads to increased tumor invasion, drug

resistance and metastasis (Ebos et al., 2009; Paez-Ribes et al., 2009).

On the other side, due to the imbalance of pro-angiogenic and anti-angiogenic

signaling pathways in tumor progression, tumor vessels are morphologically and
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functionally distinct from the normal vasculature. The dysfunctional tumor vasculature
is always leaky, immature, disorganized, dilated, saccular, malformed, tortuous, and
has random interconnections as also shown in our 3D data. This situation has a
profound influence on tumor microenvironment changes and drug delivery in tumors
(Hagendoorn et al., 2006; Jain, 2005, 2008). In the last decades, many groups tried to
“‘normalize” the tumor vasculature to increase drug delivery, which makes the tumor

cells more vulnerable to the treatments (Jain, 2001).

This is a paradoxon. One would expect that destroying the tumor vasculature would
starve the tumor; however, another thought is that it would render many drug
treatments less effective and accelerate tumor metastasis. Thus normalizing the
abnormal tumor vasculature is expected to enhance the efficacy of many
chemotherapy and radiation therapies as it increases the delivery of drugs and oxygen
to tumor parenchyma. The reason may be that the comprehensive structure of vessels
in tumor and its relationship with tumor progression are still unknown at present.
Therefore, we highly recommend applying our EXM protocol into the research of tumor
angiogenesis in the future. It will definitely be helpful to get an overall view of
morphological changes of vasculature in the tumor. Then, the relationship between
tumor vasculature and tumor progression can be investigated more easily and in more
details on the 3D level. The ExM protocol combined with quantification analysis
software can also be used to develop and assess new treatment approaches based

on tumor vasculature.

We found that the metastasis nodules were revealed automatically with a clear circular
boundary after ExM by confocal microscopy. In Fig. 14C, the dark area in the central
part of the tissue indicates that part of the sample is out of the focus plane; however,
the normal lung around the tumor nodule can be imaged in focus at this point. This
phenomenon has never been reported in other histological research on lung
metastases, even with other 3D imaging methods. It means that the surface of
metastases and normal lung tissue around are not in the same plane after ExM
anymore. A different composition and different structure of the tissues certainly play
key roles in response to the ExM protocol. Therefore, we speculate that the lung
metastases and normal lung tissue around were expanded differently since they are

made up of different kinds and amount of cells and matrix. Then, the metastatic
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nodules showed up automatically, which may be helpful to detect micro-metastases in

the lung.

More and more reports are presented targeting the non-tumor cell components of the
microenvironment, which might be a novel therapeutic approach. Immune cells,
especially neutrophil cells, dynamically regulate tumor progression and remote organ
metastasis (Joyce and Pollard, 2009; Ostrand-Rosenberg, 2008). Wculek et al.
demonstrated that neutrophil cells are the main driver of the pre-metastatic lung
microenvironment and support metastatic initiation in breast cancer models. Pre-
metastatic neutrophil cell depletion by using anti-Ly6G blocking antibody caused a
significant decrease of spontaneous metastasis (Wculek and Malanchi, 2015).
However, the assessment methods of neutrophil cells mostly depend on histological
examination of thin histology slices or flow cytometry. Tumor biology can vary between
the surface and center part, especially compared with the tumor adjacent and healthy
tissue. The therapeutic interventions, such as chemotherapy and immune therapy can
also effect the neutrophil cell polarization, accumulation and distribution (Coffelt et al.,
2016; Donskov, 2013; Fridlender et al., 2009; Hiratsuka et al., 2006). However, the
information about spatial distribution and heterogeneity of neutrophils in tumor and

surrounding tissue are still limited.

Our ExM protocol enables 3D imaging to reveal the spatial distribution of neutrophil
cells in lung metastases with high resolution and less tissue deformation. By
guantitative analysis using Fiji and MATLAB, we were able to quantify the cell density
and verify the distinct localization of neutrophil cells in lung metastases as compared
with the adjacent lung tissue in 3D level. Since the neutrophil cells are tightly packed
into clusters, we might not be able to obtain the actual number of neutrophil cells in the
whole tissue. However, the total pixels of neutrophil cells by our statistical analysis
method can definitely reflect the actual amount of neutrophil cells in the tissue because
the pixels of single cell are almost fixed. This enables a detailed and comprehensive
visualization and analysis. Therefore, it should be useful to reveal changes of
neutrophil cells or other microenvironment components in detail, especially the 3D
spatial relationship between each other, in tumor progression and new treatment

strategy development.
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In our present study, we typically utilize the ExM protocol, which is compatible with
immunofluorescence staining and provides excellent 3D imaging of lung tissue. The
ExM protocol is suitable for PFA perfused and post-fixed samples as well as
deparaffinized and rehydrated paraffin embedded tissue blocks. The proportion of
each hydrogel composition is critical. It needs to be not only sufficiently dense to lock
the proteins stably, but also loose enough to allow the opaque lipids to be washed
away by the detergent flowing through the sample. When the hydrogel is polymerized,
it locks proteins and acts as a scaffold in place that greatly helps to preserve the
morphology of lung tissue in the subsequent staining and imaging processes (Alon et
al., 2019; Chen et al., 2015).

A higher level of EXM and resolution rate can be achieved by modifying the proportion
of hydrogel components. For example, a low concentration of the cross-linker will result
in more expansion, whereas a higher concentration of the cross-linker will result in less
expansion (Wassie et al., 2019). We found that, for the lung tissue, the density of
probes and proteins turn to be too sparse upon massive excessive expansion. Indeed,
twofold expansion already effectively reduces the proteins density to eightfold in 3D
level. To avoid this situation, we highly recommend to limit the ExM to twofold, and to
combine it with high magnification microscopy to analyze the structure of the samples
after denaturation. Overall, our protocol was done to perform more effectively high-
resolution 3D imaging of lung tissue, especially for healthy and lung metastases from

fresh fixed or deparaffinized tissue blocks.
In order to perform high magnification microscopy definitely new objectives with longer

working distances have to be developed.

In summary: we established retrograde perfusion technique for the lung providing a
better maintenance of lung morphology. Furthermore new clearing protocols were

established for the lung allowing 3D imaging even of material from paraffin blocks.
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Summary

5 SUMMARY

Lung tissue is difficult to analyze histologically, especially if the tissue is obtained
from experimental animals. Most lung harvesting technigues result in a collapse of
the organ. The aim of this thesis was to optimize the organ harvesting strategy
and to introduce / analyze new 3D imaging strategies / protocols to be used in
thick organ slices.

The results of this thesis can be summarized as follows:

The retrograde perfusion combined with trachea ligation technique can be used in
the research of lung pathology in mice. As compared with the normal trans-
cardiac perfusion technique, this approach is much easier in handling and results
in a much better maintenance of lung morphology.

Ethyl cinnamate based optical tissue clearing method can be applied to do the 3D
imaging of lungs.

MHI148-PEl, a cationic near infrared fluorescent agent developed by our group, is
an ideal dye to stain the lung vessels during perfusion.

Expansion microscopy combined with antibody immunofluorescence staining
protocol was established for 3D imaging of lung tissue with high resolution, by
which we revealed the 3D structure of the alveoli and vasculature in lung.

We also demonstrated that expansion microscopy was applicable to paraffin
embedded lung tissue blocks.

By expansion microscopy, we could image the vasculature in lung metastases

tissue as well as neutrophil cells from paraffin blocks.

In this thesis new 3D imaging protocols and organ harvesting strategies could be
established allowing new analyses of lung tissue.
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