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Abstract 

Cellular interactions and thus organ function and anatomy are inherently of a three-

dimensional nature. Knowledge of the cellular distribution patterns in organs in health 

and disease is key to understand ongoing microscopic processes on a mesoscopic organ-

wide scale. However, until recently, no imaging modalities capable of imaging entire or-

gans with cellular resolution were available. Magnetic resonance or ultrasound imaging 

lack resolution, whereas fluorescence-based imaging approaches typically lack tissue 

penetration depth. To unlock the mesoscopic scale, tissue clearing can be used to render 

samples optically transparent, literally allowing to see through entire intact organs. The 

combination of tissue clearing with specific fluorophore-conjugated antibody labeling and 

light sheet fluorescence microscopy (LSFM) delivers organ models with cellular resolu-

tion.  

In this thesis, multiple LSFM-based approaches were developed assessing various or-

gans and models in order to characterize and explore i) anatomical alterations and the 

early immune response after myocardial infarction in mice, ii) the distribution patterns 

and role of tumor associated neutrophil granulocytes in head and neck squamous cell car-

cinoma and iii) the diagnostic potential of LSFM in staging melanoma patients via sentinel 

lymph node biopsy. 

In summary, this showed the vast potential of LSFM to visualize cellular distribution 

patterns in the context of whole organs and to extract quantitative data from the 3-D 

space. Furthermore, we showed the applicability of LSFM in answering both clinically and 

diagnostically relevant questions. In fact, LSFM analysis did not only match to 100% with 

gold standard histopathology but even allowed one melanoma patient to gain access to 

therapeutic options, which would have been denied based on gold standard histopatho-

logical analysis alone. 

 

Keywords: BALANCE protocol, light sheet fluorescence microscopy, light sheet-guided 

histology, metastatic melanoma, myocardial infarction, sentinel lymph node, squamous 

cell carcinoma, tissue clearing, tumor diagnostics, quantitative whole organ imaging 
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Zusammenfassung  

Zelluläre Interaktionen und damit verbundene, übergeordnete Organfunktionen 

haben zwangsläufig einen dreidimensionalen Charakter. Daher ist die Bestimmung von 

zellulären Verteilungsmustern innerhalb verschiedener Organe im gesunden wie auch im 

erkrankten Zustand vonnöten, um lokale zelluläre Vorgänge auf mesoskopischer 

Organebene zu verstehen. Die technischen Möglichkeiten gesamte Organe mit zellulärer 

Auflösung darzustellen waren in der Vergangenheit jedoch nicht vorhanden. 

Magnetresonanztomographie oder Ultraschalluntersuchungen verfügen nicht über die 

nötige zelluläre Auflösung, während fluoreszenz-basierte Bildgebungsverfahren eine zu 

geringe Eindringtiefe in Gewebe aufweisen. Um die mesoskopische Ebene zu betrachten, 

kann nun Gewebsklärung angewandt werden, welche biologische Proben optisch 

durchsichtig macht. Die Kombination dieses Verfahrens mit gerichteten Färbungen, z.B. 

durch Fluorophor-gekoppelte Antikörper und der sogenannten 

Lichtblattfluoreszenzmikroskopie (LSFM) erlaubt die Darstellung von einzelnen Zellen im 

Kontext intakter Organe. 

In dieser Arbeit wurden Verfahren zur mesoskopischen Ogananalyse durch LSFM für 

verschiedenste Krankheitsmodelle und Organe entwickelt. Hierbei wurden, unter 

anderem, die anatomischen Veränderungen wie auch die assoziierte frühe 

Immunantwort nach einem akuten Herzinfarkt charakterisiert. Des Weiteren konnte die 

Rolle von Tumor assoziierten neutrophilen Granulozyten und deren räumlich lokalisierte 

Verteilungsmuster in Plattenepithelkarzinomen der Mundregion genauer untersucht 

werden. Abschließend wurden Wächterlymphknoten von Melanom Patienten mit Hilfe 

des LSFM Verfahrens analysiert. Hierbei konnte das enorme diagnostische Potenzial der 

Methode für die postoperative Patienteneinstufung und         -therapie klar belegt werden. 

Die Ergebnisse unterstreichen die Fähigkeit der LSFM Analyse zelluläre 

Verteilungsmuster im dreidimensionalen Kontext von Organen präzise zu rekonstruieren 

und damit quantifierbar zu machen. Darüber hinaus konnte die LSFM sowohl in der 

Grundlagenforschung als auch zur Beantwortung klinischer oder diagnostischer Fragen 

erfolgreich eingesetzt werden. Von entscheidender Bedeutung ist hierbei die Tatsache, 

dass die LSFM Analyse von Wächterlymphknoten nicht nur zu 100% mit dem 

histologischen Goldstandard übereinstimmte, sondern dass das Verfahren einem 
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Studienteilnehmer Zugang zu Therapieoptionen ermöglichte, die ihm aufgrund der 

negativen histologischen Routineuntersuchung verwehrt worden wären.  

 

Schlagwörter: BALANCE Protokoll, Lichtblattfluoreszenzmikroskopie, Melanoma, 

Wächterlymphknoten, Myokardinfarkt, Plattenepithelkarzinom, Gewebsklärung, 

Diagnostisches Verfahren, Quantitative Bildgebung in intakten Organen 
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1. Introduction 

Within this thesis, organic solvent tissue clearing using ethyl cinnamate (ECi) and light 

sheet fluorescence microscopy (LSFM) were applied in two published manuscripts to 

tackle immunological questions in the fields of cardiology1 and oncology2. The studies 

cover technological advancements and adjustments to answer basic research as well as 

clinical research questions. Furthermore, the diagnostic potential of the methods was 

evaluated by visualizing lymph nodes of melanoma patients in the yet unpublished man-

uscript #36. In this introduction, I will convey background information on the three major 

themes that interconnect the three manuscripts, namely i) the immune system in its 

healthy state and the reaction towards sterile inflammation and associated cellular pat-

terns; ii) tumor biology, the importance of specific cellular components of the immune 

system, and patient staging, and iii) the technology and history behind tissue clearing and 

LSFM. 

1.1. The immune system 

The immune system is a complex, interactive network composed of lymphoid organs, 

versatile, specialized cells termed leukocytes and humoral factors, that together strive to 

protect the host organism. It is only actively perceived if engaged in fulfilling its purpose, 

defending the host from external or internal dangers, or if failing to control infection, tu-

mor growth or to discriminate friend from foe, like in autoimmune diseases or allergy. 

The surveillance of a typical human body (roughly 0.07 m3) by tiny cells (approx. 1000 

µm3), a difference of 1:1014 in volume, is not trivial (this is one fill of a bathtub in compar-

ison to the whole Black Sea). To fight on friendly territory requires inspectors, check-

points, a mobile army, strategy, precision, regulation, and memory. But it also requires 

speed. In general, the immune system can be distinguished in two parts, the fast and non-

specific innate and the slower but trainable and precise adaptive immunity. Both divisions 

are strongly influenced by each other, granting mutual help and guidance7. 

1.1.1. Innate immunity 

The term innate immunity commonly includes physical and chemical barriers as well 

as semi-specific humoral and cellular components that provide immediate host defence7-



Introduction 

 

16 

9. Nevertheless, all components are well conserved in jawed vertebrates and some are 

present in insects and plants as well8. 

Chemical or physical barriers such as pH, specialized keratin rich or mucosal epithelial 

barriers are important to prevent initial pathogen access. Besides, most of the cellular 

components of innate immunity consists of myeloid phagocytic cells. These are, amongst 

others, monocyte-macrophages, neutrophils and mast cells. These leukocytes are also called “professional” phagocytes, recognizing and phagocytosing senescent cells and 

pathogens via molecular pattern recognizing receptors. In response to infection, they re-

lease soluble mediators like histamine, reactive oxygen species (ROS) or lysozyme, creat-

ing an inflammatory milieu and recruiting other immune cells to which they present an-

tigens8. Antigen presentation is mediated via digestion of either internal (all nucleated 

cells can do this) or phagocytosed external proteins and subsequent loading of short, lin-

earized amino-acid sequences into the binding grove of major histocompatibility com-

plexes (MHC), which are displayed on the cell surface10. Then, T lymphocytes can interact 

with these peptides, recognizing them with their specific receptors to mediate an adaptive 

immune response (explained below). These phagocytosing sentinels, like macrophages or 

dendritic cells, patrol tissue in search of irregularities. For example, a specific subset of 

immature dendritic cells, called Langerhans cells, patrol epidermis in search of antigens 

that they later present to other cells of the immune system at checkpoints within the lym-

phoid organs. They also act in an immunomodulatory manner, producing cytokines and 

interacting with the adaptive immune response8. Other cellular components are natural 

killer (NK) cells, which have the capacity for non-specific cellular cytotoxicity, being able 

to effectively kill infected or degenerate host cells8.  

In this thesis, we focused on cellular components of the innate immunity, especially 

neutrophil granulocytes2. We investigated their distribution throughout the murine heart 

following myocardial infarction, carrying out their ambivalent role as first responders to 

sterile inflammation1. We also investigated neutrophils associated with head and neck tu-

mor and used spatial information to deduce their inhibitory potential towards effector T 

cells2. In general, the idea of a crude and unspecific innate immunity has changed in the 

past decade and also neutrophils are viewed from a different perspective today, as de-

tailed below11,12. 
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1.1.1.1. Neutrophil granulocytes and their role in inflammation and disease 

Neutrophils are the most abundant myeloid cell type in human blood, comprising 40-

70% of total white blood cells13. This stands in contrast to mice, where they compose only 

10-25%12,14. In circulation, mature neutrophils have an average diameter of 7-10 µm. 

They are one of the major players during acute inflammation and reduction of their num-

bers in the blood leads to severe immune deficiency in humans and mice12.  

Neutrophils originate from myeloid precursors residing in the bone marrow. Mature 

neutrophils either stay in the marrow and can be recruited during inflammation, or leave, 

forming a cycling pool within the blood and associated organs14. In mice, mature neutro-

phils can be identified by the surface expression of lymphocyte antigen 6 complex locus 

G6D (Ly6G)14, which was used as a marker in manuscript #11. Ly6G is a 25 kD protein, 

part of the Ly6 protein family, and anchored in the plasma membrane15. There are reports 

that hint at a role of Ly6G in neutrophil recruitment16, but its exact function is still un-

known. In humans, neutrophils express, not exclusively, the surface marker CD66b (also 

known as CEACAM8, carcinoembryonic antigen-related cell adhesion molecule 8 ), which 

can be upregulated during activation and might play a role in adhesion17,18. CD66b is an 

Ig-related protein anchored in the plasma membrane and can heterodimerize with other 

members of the CEACAM family19. 

The half-life time of neutrophils in circulation is heavily debated. Estimates range be-

tween hours to days in humans. The difficulty assessing their circulatory time is due to 

the residence of mature neutrophils in other organs like the marrow, spleen and lung14,20. 

Without inflammation, neutrophils start displaying phosphatidyl serine on their surface 

and CXCR4 over time, which eventually leads to their elimination14. 

Mature neutrophils can be efficiently recruited to sites of infection in a matter of 

hours21,22. In order to be recruited from the circulation in a targeted manner, neutrophils 

depend on changes on the surface of the blood vessel-lining endothelium. Once patrolling 

or tissue-resident sentinels like macrophages, dendritic cells or mast cells encounter tis-

sue damage (characterized by e.g. free adenosine triphosphate, changed collagen struc-

ture) or pathogens (lipopolysaccharide, CpG oligodeoxynucleotides) via pattern recogni-

tion receptors, they release inflammatory mediators like histamine, cytokines and inter-

leukins. Most mediators act locally, triggering surface changes in neighboring endothelial 
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cells, which initiates neutrophil recruitment6. Others, such as the granulocyte colony stim-

ulating factor (G-CSF) also have systemic effects. G-CSF triggers the acute release of mil-

lions of neutrophils from internal stores like the bone marrow into the circulation23-25.  

In general, neutrophil extravasation from the blood to inflamed tissues involves the 

following steps: tethering, rolling, adhesion, crawling and transmigration26. Fast upregu-

lation of P- and E-selectin (also CD62P/E) expression on endothelial cells in response to 

inflammation leads to the tethering of neutrophils via glycoprotein ligands like P-selectin 

glycoprotein ligand-127,28. They are slowed down and roll along the “sticky” endothelium, 
eventually coming to a halt through additional integrin interactions or exiting into the 

circulation again. Once they halt, they are activated by sensing danger- or pathogen asso-

ciated molecular patterns and pro-inflammatory cytokines secreted by macrophages 

within the tissue to unfold their full potential. Active cell migration is initiated and neu-

trophils crawl to endothelial cell-cell junctions. There, the transmigration through the en-

dothelium and the basement membrane requires the interaction with integrins and junc-

tional proteins, like platelet endothelial cell adhesion molecule-1 (CD31). CD31 is highly 

expressed by endothelium throughout the body and was used within this thesis as a gen-

eral marker to visualize blood vessels. However, also neutrophils and T cells express 

CD31, which they lose during transmigration into tissues or shed upon activation29,30. For 

transmigration, neutrophils may take either a paracellular or transcellular way, with the 

latter being slower (reviewed here12). Once extravasated, the primed neutrophils follow “end target” chemoattractants, like 
bacteria-derived N-formyl-methionyl-leucyl-phenylalanine or chemokines12. In mice, 

these are CXCL1/2 and 5 whereas the human analogue is CXCL8. CXCL8 can be released 

from activated epithelium and is sensed by neutrophils via CXCR231. As soon as they ar-

rive at the recruitment site, neutrophils release ROS and specified granules, which contain 

antimicrobial peptides or enzymes digesting extracellular matrix. They actively clear de-

bris or engage and kill pathogens by phagocytosis or the formation of neutrophil extra-

cellular traps (NETs ). NETs are made of nuclear DNA, which is explosively released by 

dying neutrophils to the outside covering and slowing invaders and marking them for 

phagocytosis32. Exposition of core histones leads to further inflammation progression33 

and is itself highly toxic to host cells, fungi, and bacteria34. NETs are further decorated 

with antimicrobial peptides able to directly kill pathogens. One central effector protein is 

myeloperoxidase (MPO), which is released and locally synthesizes ROS. Thus, neutrophils 
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are effectively slowing and killing invaders, but also cause considerable bystander dam-

age in the process due to the unspecific mechanisms at work12,35.  

However, neutrophils cannot just be viewed as rampaging foot soldiers. They act to-

wards resolving inflammation and even healing, too. For example, matrix metallopepti-

dase 9 (MMP9) is not only associated with transmigration, it also promotes removal of 

damage-associated molecular patterns (DAMPs) containing intracellular proteins, includ-

ing actin and tubulin. It also activates vascular endothelial growth factor (VEGF), promot-

ing revascularization of injury sites. The pro-angiogenic role of neutrophils is more and 

more recognized since it seems to be exploited by various cancer cells12,36,37.  

During inflammation, neutrophils also recruit monocytes, blood-borne precursors of 

macrophages expressing α4β1 integrin, to inflamed tissue e.g. by promoting endothelial 

expression of vascular cell adhesion molecule 138. Ultimately, this leads to neutrophil 

clearance via phagocytosis by macrophages, paving the way for the resolution of inflam-

mation and tissue repair. Phagocytosis of neutrophil debris by macrophages also causes 

downregulation of IL-23 synthesis and therefore ultimately lowers G-CSF release, reduc-

ing mobilization of neutrophils from the bone marrow12. 

Neutrophils have also been shown to regulate adaptive immune responses. In general, 

neutrophils promote B-cell derived humoral response, releasing CD40 ligand or B-cell ac-

tivating factors when located in the peri-marginal zone in the spleen. On the other hand, 

they can suppress cellular immune response carried out by cytotoxic T cells. They have 

also been associated with the suppression of T cell proliferation and function in acute in-

flammation (reviewed here39). More of their regulatory role, specifically in tumors, is ex-

plained below and addressed in one paper of this thesis (Si et al, 2019)2. 

In general, this regulatory potential may be due to a high degree of plasticity. The ex-

pression of Toll-like receptors and surface integrins can vary, and neutrophils can exert 

both anti- and pro-inflammatory behaviour40,41. It has also been shown that the presence 

of pathogens can change these phenotypes. To date, it is not entirely clear if indeed sepa-

rate lineages exist or if neutrophils change their profile over the course of their life cycle, 

dependent on the ambient conditions12. 

In general, neutrophils are adversely associated with many inflammatory diseases42. 

One prominent example is acute myocardial infarction (MI), where they play an ambiva-

lent role, participating in pathology and resolution43. 
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1.1.1.2. Myocardial infarction as a model of sterile inflammation 

MI is a disease of the circulatory system accountable for over 9% of all deaths in the 

EU28 as of 2015. This means, that nearly 97/100.000 EU28 inhabitants die of MI every 

year44. MI occurs if a coronary artery is blocked, which hinders blood flow, thus leading 

to downstream ischemia of the heart muscle tissue. In a routine clinical procedure, this 

blockage is typically removed, either enzymatically or during invasive operation. Most 

frequently used for direct treatment are so called stents, stabilizing and reopening the 

artery45. It is vital to restore oxygen and nutrient supply to the heart muscle tissue as 

quickly as possible, but in turn, sudden reperfusion also causes further damage to cardi-

omyocytes. This phenomenon is termed “myocardial reperfusion injury”46 or “ische-mia/reperfusion injury”(I/R injury)43,47 and gains more relevance with increasing sur-

vival rates of the primary infarction due to increasing risk of complications later45. An I/R 

injury mouse model is used in manuscript #11. 

1.1.1.3. The ambivalent role of neutrophils in MI 

The lack of oxygen and nutrients during MI, but also the sudden reperfusion of muscle 

tissue, leads to cellular damage and thus to a massive release of DAMPs. An example is 

high-mobility group box 1, typically associated with chromatin, and detection of this 

DAMP by e.g. neutrophils in the extracellular space is facilitated by pattern recognition 

receptors like receptor for advanced glycation end products or Toll-like receptors48-50. 

This results in the fast recruitment of neutrophils49. Mainly located at the ischemic border 

zone, they release ROS, causing acute inflammation and ultimately cardiomyocyte death43. 

Importantly, neutrophil production and retention in the bone marrow depends on the 

time-of-day51 and at the beginning of the active phase of the organism, neutrophils have 

a higher capacity to migrate into the myocardium52. Consequently, time-of-day of symp-

tom-onset also has an influence on patient survival and infarct size in a clinical setting53. 

However, simply decreasing neutrophil recruitment to the heart, reducing ROS pro-

duction by blockage of MPO or depleting neutrophils in general54 has yielded hetero-

genous results in terms of infarct size and long-term disease development in various ani-

mal models (reviewed here43). This might be due to protective neutrophil functions asso-

ciated with inflammation resolution, revascularization12 and their potential to influence 
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other cell types towards tissue repair55. The importance of neutrophils in patient devel-

opment post-MI is therefore obvious. Whether the occurrence of different functional phe-

notypes of neutrophils, also observed in infections41 or cancer40, is time, context or lineage 

dependent remains elusive43. 

1.1.2. Adaptive immunity 

The other important half of the immune system of vertebrates is adaptive immunity. 

It is comprised by T and B lymphocytes as well as subsets of dendritic cells and is charac-

terized by its ability to be trainable in precision and is thus considered to be specific. Here, 

specificity is derived from highly variable receptors. The potential specificities are 108 for 

T cell receptors (TCR) and 1010 for B cell derived antibodies, which is adequate to protect 

the host from the various pathogens encountered throughout life7.  

Every cell can only carry a receptor of a single specificity, which is determined early 

in development, before encountering antigens. Both cell types develop from common lym-

phoid progenitors in the bone marrow. In a developmental phase in either the thymus (T 

cells) or the bone marrow (B cells), autoreactive clones are negatively selected. After this, 

naïve cells, i.e. cells that have never met their specific antigen, are released into the circu-

lation and start to patrol the periphery, mainly secondary lymphoid tissues like lymph 

nodes, tonsils and spleen, in search of their antigen. The effector responses upon antigen 

recognition are characterized by two stages. First, a presented antigen is recognized, lead-

ing to cell priming, activation, massive proliferation and further differentiation. This usu-

ally occurs in the lymphoid tissue and is closely connected to observed cellular patterns, 

which are described in more detail below. These steps to maturity take several days, 

which is why the initial adaptive reaction is much slower compared to innate immunity. 

In a second step, the effector response takes place, which is cytotoxic or humoral for T or 

B cells, respectively. The high specificity of the expanded clones can be preserved in form 

of long-lived memory cells, that might be reactivated when needed (reviewed here7). 

In the manuscripts of this thesis, T cells are addressed in their cytotoxic effector role 

during cancer and both, T and B cells are used to visualize cellular patterns in lymph 

nodes.  
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1.1.2.1. T lymphocytes 

T cells are characterized by their specific receptor. The TCR forms a complex with non-

covalently associated CD3 signaling homo- and heterodimers (CD3εγ, CD3εδ, CD3ζζ) cru-

cial for translating external TCR-stimuli into cytosolic signaling pathways, e.g. via recruit-

ment of various proteins56. Hence, all T cells are positive for CD3ε, making the molecule a 

good target for T cell visualization which was utilized in manuscripts #2 and #3. The TCR 

binds short, linear peptides that are loaded into and presented by MHC on other cells. 

Depending on the co-expression of either CD4 or CD8, T cells can interact with MHC class 

II or class I, respectively. MHC class II is mainly restricted to professional antigen-present-

ing cells, while MHC class I is expressed by all nucleated cells of the body. Hence, CD4+ T 

cells mostly mediate processes between immune cells, either helping initiate, guide and 

execute immune responses (helper cells) or regulate and terminate responses, leading to 

local tolerance (regulatory T cells). On the other hand, CD8+ T cells can scan all nucleated 

cells of the body for internal pathogens or disease-related changes, e.g. tumor formation.  

T cells mature in the thymus. Here, they are positively selected for their ability to bind 

MHC molecules with intermediate strength, while subsequent negative selection deletes 

all clones reactive to presented self-antigens. Subsequently, naïve T cells leave the thymus 

and move constantly within the lymphoid tissue in search for their antigen.  

1.1.2.2. B lymphocytes 

B cells develop in the bone marrow. Like T cells, they bear a B cell receptor (BCR) on 

their surface. When they leave the bone marrow, they are naïve and carry a single, unique 

BCR version. In contrast to T cells, this BCR can detect antigens within the three-dimen-

sional space. Therefore, it can detect proteins in their folded appearance on cell surfaces. 

Upon contact with their antigen and simultaneous co-stimulation, they can release their 

BCR into the circulation. These proteins, called “antibodies”, specifically bind a certain 
epitope which might lead to neutralization of virions or toxins or opsonization of patho-

gens and tumor cells57. The initial response is comprised of relatively low affinity IgM an-

tibodies. Further specialization due to antibody class-switch or affinity-maturation occurs 

in germinal centers within lymphoid organs (described below). 
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In general, antibodies are the humoral response of the adaptive immunity. Their abil-

ity to bind specific proteins is utilized to research and visualize the abundance and loca-

tion of target proteins in cells with many techniques, including microscopy. 

1.1.2.3. Adaptive reaction to antigens and associated cellular patterns 

Adaptive immunity with its highly specific approach faces a caveat: there is a host of 

B and T cell clones with their individual receptor specificities distributed all over the body, 

but antigen amounts might be low, and access might be locally restricted. In order to in-

crease the likelihood of matching receptor specificity with antigen, antigen-presenting 

cells like macrophages or dendritic cells scavenge debris within the body’s periphery and 
subsequently display antigens to T and B cells within the secondary lymphoid organs, 

namely spleen, tonsils and lymph nodes7. 

Taking the latter as an example, there are clearly defined cellular patterns that help 

mount a proper adaptive immune response. Various afferent lymphatic vessels carry 

lymph, which is derived from interstitial fluid, to the so-called draining lymph nodes. 

Thus, it carries proteins from the periphery into lymphoid organs. Lymph passes the cap-

sule, which isolates the lymph node from surrounding tissue, and enters the lymph node 

itself. Here, it streams around the cortex with high presence of B and T cells, the paracor-

tex, where mainly T cells are encountered, and the medulla, to eventually leave the node 

by an efferent lymphatic vessel in the sinus (Intro Figure 1). While passing the afore men-

tioned zones, antigen is taken up by lining macrophages. Within the cortex, T cells sur-

round B cells which accumulate in roundly shaped primary follicles. Within follicles, fol-

licular dendritic cells present trapped immune complexes on their surface. The comple-

ment component C3d-coated, opsonized complexes are bound to the surface of the den-

dritic cell via complement receptors CR2 and CR358. Thus, the three-dimensional (3-D) 

protein structure is preserved and B cells are allowed to search for their epitope, the part 

of an antigen recognized by their BCR (reviewed here7). 
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 If a B cell binds its antigen via its BCR under these circumstances, the BCR-antigen 

complex is internalized, digested, and different short, linear peptides are loaded upon and 

presented within MHC class II. These linear fractions of the original protein detected by 

the B cell can then be recognized by CD4+ T helper cells. Following cytokine release of B 

cell growth factors, this clone starts to divide. The clonal expansion of cells requires more 

space, further growing the then called secondary follicle6 containing a germinal center. T 

helper cells are recruited into the B cell follicle and line the border of this structure, influ-

encing the internal milieu and help B cells initiate a proper humoral response. In the be-

ginning, an IgM response is mounted (Intro Figure 1). 

Within the germinal center, B cells that found their antigen undergo further altera-

tions, aiming at higher antibody affinity via somatic hypermutation (SHM) and changed 

antibody function via class switch recombination (CSR ). In short, both processes are ini-

tiated by an enzyme termed activation-induced deaminase (AID. AID deaminates cytosine 

bases to generate uracils, thereby initiating a DNA repair cascade ultimately leading to 

 

Intro Figure 1 Anatomical archi-

makeup and cellular patterns of 

a lymph node 

Top: Schematic cross section of a 

lymph node showing major archi-

tectural and cellular arrange-

ments. Antigen arrives through af-

ferent lymphatics from the periph-

ery.  

Bottom: If antigen is encountered 

by B cells in the cortex, they un-

dergo clonal expansion, forming a 

germinal center within a lymphoid 

follicle. These are surrounded by T 

cells. 

Graphic adapted from Parkin et al., 

Lancet, 20017. 
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roughly one point mutation per cell division. These mostly cluster within the complemen-

tary determining regions of the BCR that facilitate direct antigen contact, which effectively 

changes the antibodies affinity59. Thus, highly efficient neutralizing antibodies e.g. against 

HIV might accumulate >100 mutations60. The same enzymatic activity also contributes to 

CSR, which is important to orchestrate and tailor the immune response to different dan-

gers in different places (IgG in the blood, IgA in mucosa, IgE against helminths). After 

switching the class, B cells leave the germinal center baring a high affinity antibody and 

either become plasma cells, which reside in the medulla of the lymph node and secrete 

large amounts of antibody, or they differentiate to long-lived memory cells. In manuscript 

#36, we visualized and quantified structural patterns of lymph nodes like primary and 

secondary follicles and germinal centers within a human lymph node and used them for 

the relative orientation within the architecture of the organ. 

In the case of naïve T cells, simply binding their antigen presented within their target 

MHC alone is not enough to activate them. Only upon co-stimulation via costimulatory 

receptors on the surface of activated antigen presenting cells (example: CD40 on B cells, 

and CD80/86 on APCs), T cells will proliferate and most progeny will be effector cells that 

can leave the lymphoid tissue and home towards the disease site61. CD8+ T cells are also 

termed cytotoxic killer cells, since post activation, these cells may interact with host cells presenting the T cell’s antigen in its MHC class I and can directly release granules filled 

with molecules designed to kill the target cell. These contain, amongst others, perforin, 

which inserts transient pores in the plasma membrane through which granzyme b (GrzB) 

may enter the cell, inducing apoptosis62-64. In manuscript #2, effector T cells and capabil-

ity to kill were identified via staining of GrzB. 

1.2. Tumor biology 

The word tumor is defined as an abnormal mass of cells that “divide more than they should or do not die when they should”65. A tumor may be benign or malignant, with the 

latter causing cancer66. Cancer is the second leading cause of death in the world following 

cardiovascular diseases, causing 8.9 million and 17.7 million deaths worldwide in 2016, 

respectively67. The word “crab” (Greek: karkinos) itself was introduced by the Greek phy-

sician Hippocrates (460-370 B.C.), describing spreading tumors of the skin68. Today, the 

Latin word cancer or “malignancy” are in use. Cancer categories are based on the location 
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of first appearance. Leukemia, lymphomas and myelomas originate from immune cells in 

the blood, bone marrow or lymphoid organs while sarcomas summarize cancers begin-

ning within the body, like in bone, fat or connective tissues. Finally, carcinomas, in which 

the cancers in this thesis reside, are cancers derived from epithelia66. 

In this thesis, squamous cell carcinomas (SCC) from the head and neck region as well 

as metastases of cutaneous melanoma were investigated. 

1.2.1. Squamous cell carcinoma  

1.2.1.1. Epidemiology 

The common term of “head and neck cancer”, as the name suggests, refers to the site 
of cancer, but not its nature. However, other cancers with mesenchymal or neural origins 

are much less frequent than SCC69. SCC itself, given its epithelial nature, is a very hetero-

genous cancer with causes and epidemiology of SCCs differing depending on location, like 

skin70, esophagus or lung71. In general, SSCs collectively cause >300,000 deaths annually 

worldwide72. In manuscript #2 SCCs located at the larynx (LSCC) or the oropharynx 

(OSCC) were analyzed.  

Laryngeal cancer is mostly associated with tobacco and alcohol consumption69. Its 

projected incidence and death toll are 3/100,000 and 1/100,000 inhabitants in the USA 

in 2019, respectively. This accounts for 0.7% and 0.6% of all cancer diagnoses and deaths. 

The overall 5-year survival from 2009 to 2015 was 60.3%. Here, health care programs 

against smoking were successful, causing a steady decline in incidence of -2.4% in the last 

10 years (summarized here73). 

Oral cavity and pharynx cancers are much more common. The estimated incidence 

2019 in the USA is 11.3/100,000 and 2.5/100,000 (10,800) deaths. The overall 5-year 

survival between 2009 and 2015 was 65.3%. Risk is also associated with tobacco and al-

cohol consumption, but also with human papilloma virus infection (HPV). Interestingly, 

while tobacco and alcohol-related cases are decreasing, HPV-related cases rise more 

strongly, resulting in an average increase of cases of 0.8% per year over the last dec-

ade69,74. With over 370,000 patients in the US in 2016, OSCC is much more prevalent than 

LSCC with over 96,000 patients at the same time. 
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1.2.2. Cutaneous melanoma 

1.2.2.1. Epidemiology 

In 2018, 60,700 people died due to cutaneous melanoma (3% of all cancer deaths), 

while more than 287,500 new cases were diagnosed worldwide. In Europe specifically, 

19 new cases per 100,000 inhabitants are reported by the World Health Organization75. 

Melanoma incidence was increasing by about 3% annually in fair-skinned populations 

from 1982 to 2011 and is predicted to increase until at least 2022 e.g. in the UK and the 

USA76. In 2017, melanoma had the fifth or sixth highest incidence in males and females in 

the USA, respectively. Accounting for 72% deaths in the USA, melanoma is the deadliest 

of all skin-cancers (basal cell and squamous cell skin cancers were excluded)77. Risk fac-

tors include ultraviolet radiation and subsequent sunburns, indoor tanning, phenotypic 

characteristics like fair skin or the tendency to freckle. Inherited gene mutations causing 

melanoma only account for a small proportion of all cases (reviewed here78). 

1.2.2.2. Origin and markers of melanoma 

Melanoma derives from the malignant transformation of melanocytes, which are typ-

ically located at the basal layer of epidermis, hair bulb, ears and meninges79. There are 

about 1200 melanocytes per mm2 skin80. The ratio of melanocytes and keratinocytes in 

the epidermal basal layer is 1:10, but through dendritic processes, one melanocyte is in 

contact with 30-40 keratinocytes in the epidermal melanin unit79,80. Melanocytes are pig-

ment-producing cells, mainly responsible for production of melanin within melanosomes 

and their cell-to-cell transfer to keratinocytes via their processes. Within the keratino-

cytes, melanin granules accumulate above the nucleus to protect the DNA from UV radia-

tion. All in all, the amount of melanin in keratinocytes determines the skin color (reviewed 

here79). Interestingly, they normally divide less than twice per year81. 

Due to the origin, most markers used to determine melanoma also stain melanocytes 

in the skin. Markers used in clinical diagnostics as well as in this thesis are the S100 family 

and Melan-A. S-100 is a family of proteins expressed in many cells, like glial cells, Schwann 

cells, melanocytes and dendritic cells. These proteins are therefore associated with a va-

riety of functions including cell motility and growth. S100 staining has a melanoma sensi-
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tivity of >89% concerning primary melanoma and >86% concerning metastatic mela-

noma, at least on formalin-fixed paraffin-embedded (FFPE) sections. However, due to co-

expression by other cells, its specificity is <80%. Therefore, other markers are addition-

ally used. Melan-A, also known as melanoma antigen recognized by T cells-1 (MART-1), is 

a membrane protein of melanocytes, melanoma and retinal pigmented epithelium. It is 

situated in membranes of the endoplasmic reticulum or Golgi apparatus or membranes 

surrounding melanosomes. Melan-A is important for the functionality of the premelano-

some protein known as Pmel or gp100, which is in turn hypothesized to be important 

during the polymerization of eumelanin. Melan-A is reported to have a sensitivity of 83-

100% and 71-88% for marking primary or metastatic melanoma, respectively. Its mela-

noma specificity is reported to be >81% (summarized here82). 

1.2.3. Hallmarks of cancer 

The causes and symptoms of cancers are very different, but it is possible to derive 

some underlying patterns, occurring, at least in part, in all of them. These underlying prin-

ciples were summarized by Hanahan and Weinberg, 2000, in Cell83 and updated 2011 in 

the same journal84. They suggest that most cancers acquire, via different mechanisms, the 

following core hallmarks during their development. Cancers thus i) enable replicative im-

mortality; ii) induce angiogenesis; iii) resist cell death; iv) sustain proliferative signaling; 

v) evade growth suppressors; and vi) activate invasion and metastasis83,84. Especially the 

latter is of importance in manuscript #3 and described in more detail at the example of 

melanoma below. Recently proposed arising hallmarks include the capability to i) dereg-

ulate cellular energetics towards more effective proliferation; and ii) to avoid immune 

destruction. Furthermore, two enabling characteristics, namely i) genomic instability and 

mutation, and ii) tumor-promoting inflammation by innate immune cells help tumors ac-

quire the above mentioned hallmarks84. Below, hallmarks important in this thesis are il-

luminated in the light of the relevant cancer entity. 

1.2.3.1. Melanoma and SCC avoid immune cell-mediated destruction 

TYPICAL EFFECTOR CELLS 

Antitumor effector cells are those that either detect changes in surface expression, like 

NK cells detecting the absence of MHC class I, or T and B cells, which are able to detect 
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mutated protein versions either processed or whole, so called neo-antigens85. The muta-

tional load of cancers and thus the availability of neo-antigens required to mount a proper 

adaptive immune response varies between cancer entities. Melanoma exhibits the highest 

accumulation of mutations and neo-antigens86 and thus neo-antigen-specific T cell reac-

tivity has been studied extensively87. In general, a high density of tumor-infiltrating lym-

phocytes (TIL) is associated with good prognosis, as shown for SCC88 and melanoma89, to 

only name a few90. However, in the tumor microenvironment, T cell responses might be 

repressed, causing T cell exhaustion91. These observations combined are the foundation 

of modern adjuvant therapies, re-activating and dis-inhibiting the immune system89. 

 

IMMUNE EVASION AND ESCAPE 

Immune-mediated destruction of cancer cells leads to the selection of clones that have 

mutations protecting against eliciting immune responses. Thus, an inefficient antigen-

processing machinery92 or downregulation of MHC class I can be beneficial to evade T cell 

mediated cytotoxicity, but enhances NK cell effectiveness78,85. Melanoma cells might also 

secrete VEGF or IL-8, limiting antigen presentation and promoting anti-inflammatory M2 

macrophages93-96. IL-8 secretion of SCC correlates with poor prognosis as well, with IL-8 

effectively recruiting neutrophils93,94. In both malignancies, upregulation of suppressor 

proteins like programmed-cell-death-protein-ligand-1 (PD-L1) on the surface of the tu-

mor cell and PD-1 and cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) on the T cell 

leads to downregulation of cytotoxic T cell effector functions78,97. These interactions are 

so called immune checkpoints and new therapeutics aim to block them, ultimately disin-

hibiting the immune system (explained below). 

1.2.3.2. Neutrophils causing tumor-promoting inflammation 

SUBSETS OF NEUTROPHILS AND PMN-MDSCS 

The perspective on neutrophils has changed from mere bystanders to integral contrib-

utors in cancer development and progression98. The presence of natural killer cells, T 

cells, B cells, dendritic cells and macrophages99 has been mentioned above. Also neutro-

phils are present in various cancers in high amounts, including melanoma, lung, breast 

and cervical cancers and others, and neutrophil invasion into the tumor is mostly associ-

ated with a bad prognosis98,100-102. Some studies observed pro-tumor functions (reviewed 
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here103), whereas others reported that tumor-associated neutrophils (TAN) also have an-

titumor properties104,105. Only recently, neutrophil plasticity to certain cues within the tu-

mor microenvironment have been described in mice106: while neutrophils exhibited an antitumor phenotype (N1) in the presence of interferon β107, they exerted pro-tumor functions (N2) in the presence of transforming growth factor β40. Adding an additional 

layer of complexity, the widespread term “polymorphonuclear myeloid-derived suppres-sor cells” (PMN-MDSCs) is mainly used to describe human myeloid cells carrying out sup-

pressive functions. However, it is argued that PMN-MDSCs are a subset of neutrophils ca-

pable of, but not restricted to, T cell suppression98,108. As described above, it is not clear 

whether these neutrophil phenotypes are due to plasticity or different origin. In humans, 

they can be identified with a large panel of markers98,109, of which CD66b was used in 

manuscript #2. Another marker proposed to specifically identify neutrophils with pro-

tumor characteristics and used in manuscript #2 is lectin-like oxidized low-density lipo-

protein receptor-1 (LOX-1)110. In the following, proposed mechanisms of N2 pro-tumor 

neutrophils are illuminated. 

 

PRO-TUMOR FUNCTIONS OF N2 TAN 

One mediator of the pro-tumor phenotype of neutrophils might be upregulation and 

secretion of CCL17, recruiting CD4+ regulatory T cells to the tumor111. CCL17 expression 

of neutrophils was also found to correlate with inferior prognosis in hepatocellular carci-

noma112. Arginase-1 (ARG-1) is another protein associated with a tumor-supportive neu-

trophil phenotype in mice113 and humans114. ARG-1 is thought to deplete arginine in the 

tumor environment. This ultimately leads to down-regulation of the CD3ζ chain upon T 
cell activation in an arginine free environment, which results in insufficient cytosolic TCR-

signal transmission and T cell suppression115. However, ARG-1+ TANs have also been de-

scribed in the context of good prognosis116, questioning the sufficiency of ARG-1 activity 

alone to impair T cell function98. MMP9 is also N2 associated, promoting angiogenesis via 

triggered release of VEGF117. 
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1.2.3.3. Invasive growth and metastasis 

UNDERLYING HYPOTHESIS  

One common hypothesis aiming at explaining the mechanism driving metastasis of 

epithelial malignancies is the epithelial-mesenchymal transition model118. Here, an ex-

pression shift in cell-surface proteins that facilitates cell-to-cell or cell-to-extracellular 

matrix interactions, reorganization of the cytoskeleton and the production of extra-cellu-

lar matrix degrading proteins, like MMPs is of importance. This may allow intravasation 

into deeper tissue layers94,118. 

 

ASPECTS OF SPACE AND TIME IN MELANOMA METASTASIS 

Morbidity and mortality are highest in patients with metastatic disease and thus the 

prognosis of patients with metastatic disease is poor119. But at which step in the develop-

ment of the malignancy does metastasis occur? Melanoma development is classically de-

scribed by the Clark model120. This assumes a linear development from melanocytes to 

metastatic melanoma driven by accumulation of genetic mutations120. In the model, mel-

anoma metastasizes very late into lymphatics, followed by systemic spread of the disease. 

However, this view is challenged by epidemiological and experimental observations and 

might only be true for a subset of melanomas (summarized here121).  

For example, melanoma recurrence commonly involves distant sites apart from the 

initial primary tumor site. Interestingly, this recurrence occurs more than 5 years after 

the initial excision of the primary tumor in about 40% of patients122. This is referred to as 

metastatic dormancy121,123. Hypotheses about the underlying mechanisms agree on the 

statement that disseminated cells have to overcome some barriers encountered in their 

new environment, delaying metastases expansion121. 

Another challenging phenomenon is that >4% of patients are diagnosed with meta-

static melanoma without a known primary tumor124. It is hypothesized that melanocytic 

movement beyond epithelial layers is not a unique feature of malignant cells, but a feature 

of melanocytes in general121. These internal benign melanocytic proliferations are regu-

larly encountered, for example as intracapsular or trabecular nevi within lymph nodes 

(also in manuscript #3)6,125,126.  
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1.2.4. Cancer staging and treatment: example melanoma 

Treatments generally evoke benefits for the patients but are also associated with costs 

and side-effects. Therefore, it is important to categorize the severity of a disease before 

treatment. The gold standard of melanoma diagnostics is, as in most cancers, histopatho-

logical classification and risk assessment119. 

1.2.4.1. Patient staging – access to treatments 

Melanoma can be routinely identified by local dermatologists or in specialized hospi-

tals. In a first step, either a biopsy of the potential tumor is taken to confirm its malignant 

nature in histology, or, in clear cases, a direct wide local excision is carried out, with safety 

margins of up to 2 cm. In general, patients are staged according to disease severity and 

their risk of progression. Hereby, the tumor thickness of the primary tumor (T stage, Bres-

low-index)127 is measured. Ulceration is incorporated in the T stage as well and is inde-

pendently associated with poor prognosis119. For primary localized melanoma without 

lymph node involvement, the 5-year relative survival is 98% in stage 1 melanoma128,129. 

Most patients are diagnosed before lymph or distant metastases occur119. However, if 

the analysis reveals heightened metastasis risk (tumor depth exceeding 1 mm or presence 

of additional risk factors such as young age), the draining lymph node called sentinel 

lymph node (SLN) of the skin area where the primary tumor was located is identified dur-

ing operation and excised (SLN biopsy)119. This is due to the phenomenon that melanoma 

mostly metastasizes early into regional lymph nodes before spreading systemically. 

Lymph node identification is typically achieved by injecting a radioactive or fluorescent 

small molecule probe peritumorally. The lymphatic drainage carries the probe to the SLN, 

where it is enriched. During operation, the SLN can thus be identified and surgically re-

moved130. Subsequently, the lymph node is processed for FFPE histology and few repre-

sentative, thin sections are analyzed. The N stage depends on the SLN status. It depends 

on whether tumor exists within the node or not. It also takes the amount of SLNs or other 

lymph nodes affected within the same lymph basin into account.  

Finally, if there are any distant metastases detected (M stage), the disease severity is 

highest (stage IV). The average 5-year relative survival rate of melanoma patients with 

distant metastases is around 23%. With newly available immunomodulatory treatments, 

the survival rates are increasing rapidly129. 
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1.2.4.2. Therapies focusing on immune cell activation 

In order to prevent relapse of patients with resectable melanoma, adjuvant treatments 

are in place. Most modern treatments follow the agenda to (re-) activate the immune sys-

tem in order to achieve tumor clearance. This technique is called immune checkpoint 

blockade. In this sense, immune checkpoints are mainly inhibitory signals from the envi-

ronment to cytotoxic CD8+ T cells.  

One example is the reactivation of T cells by the antibody-mediated blockade of CTLA-

4 e.g. ipilimumab. CTLA-4 is expressed on T cells and competes with the costimulatory 

CD28 for its ligand, B7 (CD80/CD86), on antigen presenting cells. CTLA-4 is also reported 

to induce T cell arrest. Once CTLA-4 is blocked, T cells are readily activated (reviewed 

here131).  

Another example is the dis-inhibition of cytotoxic T cell effector function via blockade 

of the PD-1/PD-L1 pathway. PD-L1, which is expressed by antigen presenting cells, non-

lymphoid tissues such as heart and lung but also tumor cells, interacts with PD-1 on T 

cells as mentioned above. This downregulates T cell activation or counteracts costimula-

tory CD28 signaling132. Disinhibition is achieved by antibodies like nivolumab, binding 

and blocking PD-1. Furthermore, PD-1 is expressed by other immune cells, like B cells and 

natural killer cells as well131. 

Treatments with ipilimumab133, as well as nivolumab134, have positive effects on both 

relapse-free survival and overall survival. CTLA-4 blockade has less strong positive effects 

and is associated with many adverse events, which led to treatment discontinuity in 

42.6% of the patients compared to only 9.7% treated with anti-PD1 treatment in a com-

parative study134. The introduction of checkpoint blocker therapy, along with other tar-

geted approaches, has raised the 5-year survival rate for metastatic melanoma from less 

than 10% to up to 50%. Interestingly, it is still unknown why some patients are resistant 

against systemic therapy78. 

1.2.4.3. The risk of not being treated – staging difficulties 

Although there are good treatment options available today, the disease must first be 

identified in order to be treated. Future patients might consult their physician for a skin 

screening. Around 70% of melanomas are correctly diagnosed during a clinical inspection 

by a dermatologist. This can be enhanced to 90% using dermatoscopy, which leaves 10% 
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of not reliably detected melanoma cases78. On the other hand, there is a tendency towards 

overdiagnosis135, leading to unnecessary excisions with no effect on patient survival in 

general136.  

Secondly, if melanoma is identified within the excised sample during histopathological 

analysis and the risk for metastasis is high, the SLN is determined during operation119. 

Interestingly, the removal of the SLN itself is not associated with better melanoma-spe-

cific survival rates137. However, the associated staging is required for the correct planning 

of follow-up treatment strategies and a more reliable prognosis119. 

At this stage, there might be complications during operation: the lymphatic drainage 

might be altered, or the expertise of the operator might be low and therefore other lymph 

nodes might be excised while the true SLN remains within the body. Thus, the patient 

would not be staged correctly138,139. Also, during subsequent FFPE histopathology, only 

few representative thin sections are considered. The European Organization for Research 

and Treatment of Cancer (EORTC) provides a protocol that aims to achieve a micro-me-

tastasis detection rate of 25% 140. Here, a microscopic deposit >0.1 mm is assumed to be 

relevant, whereas other guidelines advise that any presence of metastases affects the SLN 

status141. Enhancement of existing protocols beyond that margin would come with high 

additional pathological workload142. As a result, current SLN biopsy and staging is associ-

ated with high clinical false-negative rates of approximately 10% (3+ year follow-up re-

currence of the disease within the same lymph basin)143. One reason might be the analysis 

of only few representative histological slices, leading to technical false-negative findings, 

thus denying patient access to treatment. Beyond that, recent findings suggest that the 

exact size of the metastasis within the lymph node correlates negatively with melanoma 

specific survival of the patients, presenting another prognostic marker119 that cannot be 

assessed using two-dimensional (2-D) FFPE representative slices. Therefore, we applied 

3-D light sheet fluorescence microscopy combined with tissue clearing to SLNs, determin-

ing the exact size and locations of melanoma metastases within human lymph nodes in 

the unpublished manuscript #3. 
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1.3. Why and how to look inside an organ – mesoscopic 3-D imaging 

The previously described immunological and tumor-associated phenomena all consist 

of at least 3-D objects and processes. However, most biological and clinical studies and 

especially routine histopathology rely on the analysis of 2-D thin slices. A multitude of 

slice generating methods exist, ranging from fresh frozen sections to FFPE histology. De-

spite the knowledge that what we see in slices is only a tiny excerpt of a sample, a “local reality”, the analysis of so called “representative slices” is the gold standard of clinical his-
topathology to date140-142. On the one hand, that may be due to tradition and well-estab-

lished protocols. On the other hand, science was simply lacking tools to image whole or-

gans with cellular resolution. Already existing procedures to reach a quantitative impres-

sion of larger samples lack either localization context (flow cytometry), penetration depth 

(confocal microscopy), or resolution (computer tomography). Others, like sequential slic-

ing, were connected with a high workload per sample that made incorporation into a rou-

tine setting impossible1. This changed in the past two decades. The combination of tissue 

clearing and LSFM features technical advances to overcome problems concerning scale, 

resolution and tissue penetration depth. 

1.3.1. The problem with scale and penetration depth 

The scale problem is characterized as follows: visualizing the volume of a single neu-

trophil of around 10 µm diameter (~400 µm3) within an entire murine heart1 with the 

size of 10 x 6 x 6 mm equals 360 mm3 is a scale difference of about 1:1,000,000,000. Fur-

thermore, while we strive to obtain information about the distribution of objects that are 

109-times smaller in volume than the surrounding object, we want to see both at the same 

time. This is like looking at the blueprints of the entire Pyramid of Cheops (2.6 x 106 m3) 

and searching for the architects hidden six-pack of beer (~2000 cm3); or, sticking closer 

to North Rhine-Westphalia, searching a cup of coffee (350 cm3) in Oberhausen’s Gasome-
ter (347,000 m3) while viewing it from orbit. No matter if it is the photographer outside 

the Pyramid of Cheops or the biologist in front of a human lymph node, both need a large 

field of view (FOV) and a high resolution in order to even hope to achieve what they want 

to explore. 
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Another problem is that of penetration depth. To stick to our established comparison: 

if the photographer manages to bring a camera capable of the above-mentioned criteria 

and would take an image of the entire pyramid at once, it would only be possible to search 

the six-pack of refreshments standing outside on the wall. This is simply because visible 

light does not penetrate stone. The biologist faces the same problem, even though work-

ing with biological material. There are methods available that are capable of depicting 

cells in 3-D with a high resolution144. However, even specialized two-photon laser scan-

ning microscopy, which is used for intra-vital imaging, achieves penetration depths a max-

imum of 1000 µm145. Furthermore, these are raster-based techniques. Acquiring a single 

large optical slice with high resolution can take minutes146. Therefore, this is not the tech-

nique required to image an entire organ consisting of thousands of optical slices in a di-

agnostic setup. 

1.3.2. Key techniques for mesoscopic imaging 

The solution to the problems mentioned above lies in the connection of multiple tech-

nologies. In the following, the basics of ultramicroscopy and tissue clearing and how these 

techniques combined might help revolutionize current histopathology will be explored. 

1.3.2.1. Ultramicroscopy or light sheet microscopy 

The concept of ultramicroscopy147, also called light sheet microscopy or selective 

plane illumination microscopy148, dates back to Siedentopf and Zsigmondy in 1903147. In-

stead of illuminating a specified region of the sample from below or above, a light sheet 

was used to illuminate the focal plane perpendicular to the objective. With this, the dif-

fraction limit of the microscope could be broken, the nature of colloids reflecting the light 

could be described and Zsigmondy received the Nobel prize in chemistry 1925. Where 

Zsigmondy used sunlight or white light that fell through a slit in a box to form a non-co-

herent light sheet149, modern laser technology and optics enhance the performance and 

robustness of the system. The principle remains the same: a very thin sheet of light cre-

ated from a point laser by passing a cylindrical lens illuminates one plane in space simul-

taneously, perpendicular to the objective. This provides us the means to image so called  
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optical slices, 2-D information obtained without physical but optical sectioning of tis-

sue149.  

 

In summary, this method is perfectly suited for the fast imaging of 3-D samples. Illu-

minating the whole focal plane of the detecting objective at once while detecting the signal 

with e.g. a scientific complementary metal-oxide semiconductor camera oriented at a 90° 

angle. This stands in strong contrast to confocal or multiphoton microscopy, which scan a 

sample with a focused laser beam pixel by pixel. Furthermore, because of the uncoupling 

of sample illumination and emission detection, the Z resolution is defined by the product 

of the point-spread function of both objectives. Therefore, the axial resolution depends on 

the thickness of the light sheet and thus the numerical aperture (NA) of the lens focusing 

the light sheet. In theory, the optical slice can thus be ≥ 2x beam waist w0 of the light sheet 

(Intro Figure 2a). However, there exists a physical trade-off. In order to create light sheets 

with a low beam waist (<5 µm,), a high NA is required150. Thus, the light’s incidence angle 

(also angular spread, Θ) towards the beam waist is higher and the Rayleigh length zR, and 

thus the confocal parameter b are shorter. Hence, the light sheet thickness is only low for 

a very short distance, leading to inhomogeneous image quality (beam waist with high Z 

resolution and high light intensity vs. outer regions)151. Therefore, to acquire homogenous 

images of larger samples, light sheets are generated with a lower NA, yielding a thickness 

 

Intro Figure 2 The impact of NA on Rayleigh length (zR) 

(a) Physical characteristics of a Gaussian light sheet: total angular spread Θ which cor-
relates with the NA, beam waist w0, Rayleigh length zR and dependend confocal param-

eter b, which is 2x zR. Adapted from Mellisch, 2009152. (b) Depending on the NA, Θ is 
larger or smaller, which determines w0 as well as the length of zR and b. Adapted from 

Ralston et al., 2006153. 
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between 10-15 µm that stays nearly constant over centimeters (Intro Figure 2b, reviewed 

here150). 

However, biological samples are inherently opaque, so light does not travel unper-

turbed through tissue. It is reflected, rapidly losing intensity in its original directionality.  

 The underlying reasons are important to understand in order to be able to overcome 

the problem of penetration depth. 

1.3.2.2. Physical background: on scatter, refractive index and opacity 

Why is tissue opaque? The answer lies in the physical properties of light and mole-

cules. If light travels through space in the absence of molecules, in the absolute vacuum, it 

travels at its maximum speed, unobstructed. In comparison, while traveling e.g. in pure 

water, molecules are in the flight path. Susceptible electrons can absorb the light but re-

emit the same wavelength as before nearly instantaneously without energy loss (elastic 

scatter). While such an interaction takes only about one femtosecond, the light is effec-

tively slowed. The degree depends on the molecular density of the medium but also on 

the availability of electrons capable of absorbing the specific energy of a wavelength. The 

deceleration of light within a given medium is correlatively expressed by the refractive 

index (RI). The RI of water is 1.33. This means that light within vacuum travels 1.33 times 

faster than within water150. 

In summary, light is always scattered and slowed while travelling through media, but 

its intensity or directionality is not necessarily altered or reduced. This is true if a medium 

and thus the occurring scattering is homogeneous. Biological tissues are not. They consist 

of water (RI = 1.33), fat (RI = 1.45)150, proteins (RI = 1.50 – 1.58)154 and more. With such 

regional differences in the amount of scattering, light is deflected which results in inten-

sity loss.  

Thus, the reason for opacity of tissues is the heterogeneity of refractive indices en-

countered in tissues. Therefore, the key to render tissues transparent lies in homogeniz-

ing the refractive index throughout the sample. 
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1.3.2.3.  Towards tissue clearing – principles and protocols 

 Today, a multitude of approaches exist that aim to clear biological samples. However, 

the principle behind all of them is the same: to homogenize the refractive index through-

out the tissue, allowing light to pass through tissue with minimal loss of intensity or di-

rectionality. 

 

WATER BASED CLEARING 

One approach is to simply immerse the organ in a water-based solution with a high 

density of sugars, trying to match the RI of the sample as closely as possible. This works 

well for very small samples. For larger samples, clearing might take weeks, whereas the 

sample clarity can be low. Also, the matching solutions are very difficult to handle, viscous 

and prone to precipitation150. 

Since proteins are the high RI components of a cell, some protocols seek to lower the 

RI of the tissue towards the RI of water. Here, the entire sample is hyperhydrated. Even 

hydrophobic protein regions are hydrated by the use of urea155. This lowers the high RI 

of proteins towards the lower RI of water, with an endpoint of approximately 1.38156. This 

is the approximate RI of the cytoplasm of a cell154. In other protocols, lipids are often re-

moved using detergents, such as Triton, Tween or SDS. This leads to a loss of protein. Of 

course, hyperhydration causes the sample to swell. Interestingly, this might even be uti-

lized by so called expansion microscopy, physically enlarging normally small cellular de-

tails157. Moreover, the high viscosity of the imaging media (due to high density of sugars 

matching the high RI) and the fragility of the samples can cause problems while imaging 

or handling the sample. Popular protocols that follow this line of thought, are Scale156 and 

CUBIC158. 

Another well-known procedure is CLARITY159. Here, samples are embedded in hydro-

gel, lipids are removed passively by detergents or actively by electrophoresis, and the RI 

is matched as described above. 

 

ORGANIC SOLVENT CLEARING 

There is also the possibility to remove the component of tissue with the lowest RI, 

water, and exchange it with something exhibiting a high RI, like organic solvents. First, the 

sample is dehydrated via ascending concentrations of different alcohols. Thereby, lipids 
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are solvated, leaving mainly proteins behind (RI = 1.50 – 1.58)154. In a second step, more 

lipids are removed from the sample and the RI of the remaining tissue is matched by an 

organic solvent that can also be used as imaging solution150. Examples for high RI solvents 

are dibenzyl ether (RI = 1.56)160 or ECi (RI = 1.558)161. Today, many different organic sol-

vent-based methods are available160,162,163. All shrink the tissue, which, in case of imaging 

entire organs with technical size restrictions on the imaging side, is beneficial.  

 

CONCLUSION 

There are many ways to achieve sample clarity150,164. Available protocols exhibit dif-

ferent strengths and weaknesses. In a general, rough comparison, aqueous buffer-based 

protocols typically swell the tissue, yielding a good sample clarity. However, the samples 

are fragile, the handling of the viscous imaging media is difficult and passive clearing ap-

proaches take multiple weeks. On the other side, sample clarity is quickly achieved with 

organic solvents. Due to dehydration, the sample shrinks, enhancing autofluorescence but 

reducing volume and therefore imaging time. Most organic solvent based approaches uti-

lize toxic chemicals160,162, but recent advances make use of non-toxic substances in-

stead1,161. Throughout this thesis, ECi was used as the refractive index-matching agent1,2,6. 

1.3.2.4. Technological interplay yields cellular information of entire organs 

Why did it take so long, until light sheet microscopy and tissue clearing technologies 

were combined? In 1914, Spalteholz pioneered organic solvent clearing that yielded un-

precedented sample clarity of entire organs at the time165. He used these insights to fur-

ther the knowledge of anatomy. Also, ultramicroscopy was theoretically available, as 

Siedentopf and Zsigmondy published the principle in 1903147. However, one key compo-

nent for the successful combination of the two techniques was still missing, namely arti-

ficial fluorescent probes that could mark a specified target or endogenous fluorophores 

expressed by a genetically modified target cell. 

1993, orthogonal-plane fluorescence optical sectioning microscopy was used to image 

tissue autofluorescence of the inner ear cochlea of the guinea pig166. 2004, selective plane 

illumination microscopy was introduced, imaging green fluorescent protein in naturally 

transparent Medaka and Drosophila embryos148. All these techniques hinge on the same 
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principle: using a light sheet to illuminate an entire optical tissue section perpendicular 

to the objective (Intro Figure 3a).  

 Then, in 2007, Dodt and colleagues, imaged optically cleared tissue using light sheet 

fluorescence microscopy for the first time163. While Dodt showed that imaging of both 

endogenous and artificial fluorescence is possible, clearing samples with organic solvents 

tends to quench fluorescence of expressed proteins either directly or 3-4 days after clear-

ing160,161. This is because fluorescent proteins need to be hydrated in order to be able to 

absorb and emit light150. Therefore, dedicated aqueous buffer-based protocols were de-

veloped. Another workaround is to use antibodies conjugated to artificial fluorophores to 

target modified cells. 

Clearing and LSFM was most prominently applied in tackling neuroscientific questions concerning the “connectome”, yielding high resolution images of dendrites163 as well as 

visualizing differential stainings of single neurons in a large portion of the brain (brain-

bow technology167, combined with LSFM168, and Tetbow169). Recently, tissue clearing and 

LSFM have been utilized to clear and image neuronal projections throughout entire 

mice170. Other exemplary questions concerning human developmental biology171,172, kid-

ney diseases161 and bone anatomy3 have been successfully engaged as well, while samples 

studied range from organoids168 and fruit flies163,168 to human embryos171. 

Within this thesis, organic solvent tissue clearing based on the use of ECi and LSFM 

was applied in two published manuscripts to address immunological questions in differ-

ent fields1,2 (Intro Figure 3b). But what about a step further towards a direct diagnostic 

clinical application? 

1.3.3. Potential use of LSFM in clinical diagnostics 

The potential of LSFM in clinical diagnostics is huge. The ability to image large volumes 

fast with cellular resolution provides unprecedented possibilities compared to the gold 

standard analysis of representative FFPE slices. LSFM can overcome the restrictions of 

the FFPE gold standard in predictive power (accuracy) and reproducibility (precision), 

especially when it comes to sampling errors within the vast volume of human biopsies173 

and the related inability to reconstruct the 3-D nature of structures with diagnostic rele-

vance174.  
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Intro Figure 3 Principles of light sheet fluorescence microscopy (LSFM) and tissue clearing 

(a) Characteristics of LSFM: sample excitation with light sheet perpendicular to the ob-

jective. Instead of fluorescence, also reflected light can be measured147. Graphic adapted 

from Merz et al.1 (b) Macroscopic optical change of human lymph node before and after 

refractive index matching. Grid squares equal 1x1 mm.  

 This also comes with challenges concerning data processing and automated scoring. 

So far, LSFM has been applied to roughly assess human lymph node status in colorectal 

cancer175. Also, an open-top light sheet microscope was used to analyze fresh prostate  

and breast biopsies intra-operatively176. Fresh tissue was not cleared, therefore intra-

operative penetration depth was limited. However, a nearly instantaneous, intra-opera-

tive guidance tool providing scanning speeds of 25 sec/cm2 with tissue penetration 

depths of 160 µm is much more powerful than producing thin frozen sections, which is 

the standard procedure. Other human studies involve skin biopsies that can be character-

ized using autofluorescence alone177 or the 3-D characterization of the lymphatic system 

in human bladder tumors178. More diagnostically relevant projects are summarized 

here179. 

At the end of this thesis, we show in an unpublished manuscript that it is possible to 

analyze human sentinel lymph nodes of melanoma patients before processing them for 

routine FFPE analysis. This yielded unprecedented insights into human lymph node ar-

chitecture as well as cellular distribution patterns of both tumor and immune cells. LSFM 

analysis even provided new treatment options for one melanoma patient, highlighting the 

diagnostic potential of this methodology.  

  



Aim 

 

43 

2. Aim 

The biological scale at which cellular interactions and environments are typically char-

acterized is microscopic (µm). Biological processes are entwined, always being in a bal-

anced situation respective to external and internal forces influencing the system. In order 

to understand the cause and consequence of cellular distribution patterns in health and 

disease, like organ function or tumor metastasis, respectively, we need to avert our gaze 

from the sole 2-D slide-based perspective to face the mesoscopic scale (mm) and apply 

the knowledge to a three-dimensional system architecture. 

Therefore, the aim of this thesis was to develop protocols and strategies to visualize 

immune cell distribution patterns in organs of mice and humans in the context of their 

surrounding 3-D architecture based on tissue clearing and LSFM. How focused is the neu-

trophil response following ischemia/reperfusion (I/R) injury within the mouse heart? Do 

neutrophils invade the I/R injury zone? In the context of squamous cell carcinoma, are 

neutrophils homogenously distributed if associated with the tumor? Do they influence 

their local microenvironment in a specific way, especially in terms of other effector cells? 

Subsequently, the technical knowledge should be further utilized to explore the po-

tential clinical and diagnostic applications of LSFM in tumor surveillance and patient stag-

ing. Is tissue clearing and LSFM analysis compatible with follow-up FFPE histology, being 

a prerequisite for assessing diagnostically relevant samples? How can multiple anatomi-

cal and cellular lymph node features be assessed with only 2 different channels? Is LSFM 

more efficient in detecting metastases compared to FFPE histology? Is it possible to ex-

actly quantify the metastatic tumor load in a large pigment-rich human biopsy?  

To that end, tailored 3-D assessment protocols should be developed featuring i) auto-

fluorescence-attenuation to enable homogenous quantitative imaging in autofluorescent 

organs, ii) different antibody delivery routes, e.g. intra-venous injection or whole-mount 

staining in order to have fast readouts in mice and robust tissue penetration in human 

samples, iii) multiplexing different specific fluorescent signals while using the infor-

mation about tissue architecture given by homogenized tissue autofluorescence alone, iv) 

quantitative strategies to determine cell populations, distances and exact volumes, and v) 

follow-up workflows of gold standard two-dimensional histology. 

In the following thesis, I attempt to convey the concept that purely technical advances 

combined with a differential observation angle cannot only add to already existing 



Aim 

 

44 

knowledge but can change one’s perspective on biological complexity outside the single 
cell in its entirety. As a result of this change in perspective a wealth of new fundamental 

discoveries can be made, and new, clinically highly relevant information may be obtained, 

having the power to change therapeutic decisions. 
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3. Manuscripts 

3.1. Prelude 

The first manuscript is about shifting the perspective of researchers studying myocardial 

infarction in mice from 2-D to 3-D. Fundamental architectural questions, like “How does 
an entire, uncut mouse heart appear in 3-D?”, are followed by more complex ones: How 
can we assess i) anatomical structure, ii) multiple ischemia/reperfusion parameters and 

iii) the ensuing early immune response simultaneously in an entire murine heart? What 

impact does the ischemia/reperfusion injury have on vascularization? How are invading 

immune cells distributed throughout the heart in response to such an injury? How can we 

quantify phenomena like this in the 3-D space?  

The following work, published 2019 in Nature Communications, provides answers and 

insights into how tissue clearing and LSFM can be combined with intra-venously (i.v. ) 

injected fluorophore conjugated antibodies to create a fast whole organ multiplex analysis 

that strives to deliver an overview of ischemia/reperfusion injury and response. 

3.1.1.  Media and License info manuscript #1 

3.1.1.1. Supplementary Material deposit 

Supplementary Material including tables, figures, videos, and re-

quired legends can be found on the attached CD at the end of this 

thesis, online or following this QR code to a personal repository. 

Links may be subject to change. 

www.nature.com 

[provider: Sciebo, Password: MerzThesis] 

3.1.1.2. QR codes and hyperlinks 

Here, and throughout manuscript #3 I provided scannable QR codes to access supple-

mentary information. Note that QR codes and hyperlinks will take you to the webpage 

provided by the journal or Sciebo. Links may be subject to change. 

 

Supplenmentary 

information 

http://www.nature.com/
https://uni-duisburg-essen.sciebo.de/s/fK0aniCMtQnY1Yv
https://uni-duisburg-essen.sciebo.de/s/fK0aniCMtQnY1Yv
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3.1.1.3. License info 

This article was published in the open access journal Nature Communications under 

the Creative Commons License 4.0 (http://creativecommons.org/licenses/by/4.0/). 

Therefore, reprints are permitted both printed and electronically. For more information, 

see Appendix – 7.2 Licenses. 

3.1.2. Author contributions manuscript #1 

 

 

http://creativecommons.org/licenses/by/4.0/
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3.2.2. Abstract 

Cardioprotection by salvage of the infarct-affected myocardium is an unmet yet highly 

desired therapeutic goal. To develop new dedicated therapies, experimental myocardial 

ischemia/reperfusion (I/R) injury would require methods to simultaneously characterize 

extent and localization of the damage and the ensuing inflammatory responses in whole 

hearts over time. Here we present a three-dimensional, simultaneous quantitative inves-

tigation of key I/R injury components by combining bleaching-augmented solvent-based 

non-toxic clearing (BALANCE) using ethyl cinnamate (ECi) with light sheet fluorescence 

microscopy. This allows structural analyses of fluorescence-labeled I/R hearts with ex-

ceptional detail. We discover and 3-D-quantify distinguishable acute and late vascular I/R 

damage zones. These contain highly localized and spatially structured neutrophil infil-

trates that are modulated upon cardiac healing. Our model demonstrates that these char-

acteristic I/R injury patterns can detect the extent of damage even days after the ischemic 

index event hence allowing the investigation of long-term recovery and remodeling pro-

cesses. 
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3.2.3. Introduction 

Restoration of perfusion after acute myocardial infarction is the most frequent and 

effective medical treatment, but the process may inflict massive ischemia/reperfusion 

(I/R) injury1. A hallmark of I/R injury is the major loss of the vasculature2 accompanied 

by impairment of the endothelium. In parallel, I/R results in an extensive inflammatory 

response3. Within minutes, circulating neutrophils are attracted to the affected vascula-

ture where they transmigrate into the damaged tissue with incompletely defined roles in 

injury progression or protection4,5. Macrophages, in turn, exhibit complex functions in 

cardiac inflammation and injury site repair peaking days after the onset of I/R6. A precise 

spatial identification and characterization of the cellular composition of the injured region 

reflecting the complex interplay between I/R-signalling and repair mechanisms, there-

fore, is essential for their breakdown into tractable therapeutic targets7.  

The established tools for the characterization of I/R injury and response assessment 

have several limitations. This particularly relates to the co-localization of pathophysiolog-

ical events including inflammation and (re-) vascularization. The mainstay for cardiac in-

jury analysis in animal models is measurement of metabolic activity of cardiomyocytes in 

serial thick sections using triphenyl tetrazolium chloride (TTC)8. However, this does typ-

ically not include advanced histological and immuno-histochemical co-assessments and 

fails to provide an accurate 3-D reconstruction of the affected tissue. To precisely localize 

and quantify the extent of cardiac damage, a global 3-D-structural analysis of the heart is 

mandatory. Light sheet fluorescence microscopy (LSFM) has been particularly effective 

to perform similar analyses and was previously used to image large tissue specimens9,10, 

including the heart11. Therefore, we hypothesized that LSFM was capable of characteriz-

ing myocardial ischemia/reperfusion (I/R) injury in conjunction with significant I/R in-

jury response mechanisms, particularly immune cell infiltration. However, the technique 

requires high tissue transparency. In murine organs, this can be achieved by complex, of-

ten toxic chemical pretreatments, collectively termed clearing12,13. 

We have recently introduced a non-toxic clearing method using ethyl cinnamate (ECi) 

as the refractive index-matching component9. While ECi performed well for murine or-

gans, such as kidney and bone, it suffered, like other approaches, from extremely high 

tissue autofluorescence of the heart muscle. Until now, this made quantitative LSFM of 

whole hearts challenging. 
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Hence, we wished to (i) develop a readily applicable, non-toxic workflow with chemi-

cals and tools that are commercially available, (ii) benchmark this work flow against 

standard I/R histology techniques in compliance with recent guideline recommenda-

tions14, (iii) quantify I/R injury parameters in 3-D, (iv) assess the long-term impact of I/R 

injury following days after reperfusion and (v) relate the I/R injury zones to immune re-

sponse mechanisms. 

Here we introduce an ECi-based 3-D myocardial I/R injury assessment workflow, 

termed BALANCE (Bleaching-Augmented soLvent-bAsed Non-toxic ClEaring), to over-

come the limitations of the current analysis tools. 

3.2.4. Results 

3.2.4.1. BALANCE enables 3-D whole heart imaging and analysis 

Central to BALANCE is a peroxide-based bleaching step compatible with antibody-me-

diated fluorescence labeling in vivo. Bleaching was key to unlock lower wavelength chan-

nels for homogenous imaging (M1: Figure 1 and M1: Supplementary Figure 1 a and d). We 

tested other established protocols15 for tissue autofluorescence reduction and found BAL-

ANCE to be the most suitable for homogenizing tissue autofluorescence fast and through-

out the whole heart using our I/R injury protocol workflow (M1: Supplementary Figure 

1, Supplementary Table 1 and Supplementary Note 1). Applying BALANCE to our samples, 

tissue autofluorescence itself could be used to visualize the overall heart muscle structure 

allowing clear detection of cardiomyocytes and their nuclei (M1: Figure 2 a and b) at much 

higher optical resolution than previously possible16,17. 

CD31, a surface molecule on endothelial cells, is a potential marker for vascular integ-

rity18. Intravital staining with fluorescent anti-CD31 antibodies9 revealed homogenously 

labeled vasculature- and heart-structures as shown before19,20 (M1: Figure 2 a). BALANCE 

now allowed to combine autofluorescence and CD31 signals to precisely reconstruct 

prominent but delicate structures such as the aortic valve (M1: Figure 2 c and M1: Sup-

plementary Movie 1). Additionally, we could demonstrate the applicability of our clearing 

protocol to other murine tissues (e.g. liver, M1: Figure 2 d)9,21,22 and the human heart (left 

atrial appendage biopsy, M1: Figure 2 e). Note that BALANCE was designed to maximize 

the signal quality of intravenous (i.v.)-mediated staining using synthetic fluorophores, al-

lowing cell identification with high precision against a highly autofluorescent background. 
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However, homogenizing tissue autofluorescence with peroxide may quench endoge-

nously expressed fluorophores (M1: Supplementary Figure 2, Supplementary Note 2). 

M1: Figure 1 Fluorophore compatible bleaching enables homogenous light sheet fluores-

cence microscopy (LSFM) in whole murine hearts. 



Manuscripts – #1 – Contemporaneous 3-D characterization of acute … - Nature Communications 2019 

 

52 

3.2.4.2. Generating infarct and area at risk volumes for I/R analysis 

Next, we identified the 3-D-extent of I/R injury in a model of left coronary artery (LCA) 

I/R. This induced an area of terminated blood supply, which could be restored upon 

reperfusion (area at risk [AAR])23. To precisely define and quantify the AAR, we injected 

a fluorescein isothiocyanate (FITC)-conjugated albumin solution into the aorta following 

re-occlusion of the LCA in the excised heart. This led to a clearly detectable AAR as FITC 

negative (FITCneg), hence non-perfused zone (M1: Figure 3 a and b). I/R generated an AAR 

that comprised around 29% (21-35, median and interquartile range, n=6) of the whole 

heart (M1: Figure 3 b, M1: Supplementary Movie 2, M1: Supplementary Figure 5 e). 

The onset of I/R injury causes not only a deterioration of cardiomyocytes but also 

neighboring endothelial cells18. Therefore, this I/R injury could be identified by complete 

loss of CD31 signals, termed CD31neg, in LSFM images (M1: Figure 3 c). 3-D tracing of 

CD31neg areas allowed to generate volumetric and quantifiable 3-D infarct-bodies (M1: 

Figure 3 c, M1: Supplementary Movie 3). These were clearly distinguishable from auto-

fluorescent artifacts showing reduced CD31 signal (CD31dim) which were seen in all hearts 

(M1: Supplementary Figure 3). Figure 3 b and c show a CD31neg to AAR injury of 10%, but 

the spectrum of small to larger infarction of this model can be visualized as outlined be-

low. Furthermore, 3-D vessel tracing allowed to reconstruct the relation between vessels 

affected by I/R, the ensuing AAR and the respective size and localization of infarct-bodies 

(a) Graphical abstract of light sheet guided heart analysis procedure. (b) Macroscopic 

images of murine hearts during protocol steps. In comparison to the non-bleached sam-

ple, fluorophore compatible bleaching enhances the clarity of the sample. One square 

equals 2x2 mm. (c) Signal distribution of ethyl cinnamate (ECi)-cleared, unbleached or 

bleached hearts in LSFM in different channels, single wavelength excitation and filtered 

detection range given in wavelength/range, detecting autofluorescence. The region of 

interest (ROI) in the left ventricular wall (LVW) shows high autofluorescence at the 

edge of unbleached hearts. This peak is lowered, together with an overall lower auto-

fluorescence intensity in bleached hearts. The homogenization of autofluorescence is 

most prominent in the short wavelength channels, unlocking those for quantitative im-

aging and general thresholding. Scale bar values in µm. Source data are provided as a 

Source Data file. 
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(M1: Figure 3 d). This analysis also demonstrated that vessels occluded during I/R 

matched the AAR defined by FITC-absence (M1: Supplementary Movie 4). 

 

M1: Figure 2 High resolution light-sheet fluorescence microscopy (LSFM) of murine and 

human tissue. 

(a) 3-D reconstruction of the inferior (dorsal) half of an ECi-cleared murine heart de-

picting both CD31 (blood vessels; green) and autofluorescence (total heart tissue; grey) 

showing distinct heart structures such as right ventricular wall (RVW), right ventricle 

(RV), intraventricular septum (IVS), left ventricle (LV), left ventricular wall (LVW) and 

left atrial appendage (LAA). (b) Single optical slice obtained by LSFM showing a cross-
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3.2.4.3. Benchmarking of CD31-based I/R injury analysis 

Histological 2-D approaches using triphenyl tetrazolium chloride (TTC) have been the 

mainstay for quantifying the degree of I/R injury24. Cardiomyocytes with intact mitochon-

dria convert TTC to a red dye, while I/R-affected cells remain unstained (TTCneg). By clas-

sical TTC staining of sequential 2-mm slices, we assessed the I/R injury. When we ana-

lyzed the same slices by LSFM, we indeed observed CD31neg regions that overlapped with 

TTCneg areas (M1: Figure 4 and M1: Supplementary Figure 4). While larger vessels ap-

peared to retain CD31 inside the infarcted area, smaller capillaries had completely lost 

their CD31 signal. The 3-D analysis also demonstrated that TTC overshadowed the fine 

structural details of I/R damage. In contrast, LSFM of CD31 faithfully reconstructed the 

complex 3-D structure of the I/R injury-site after 24h without destroying the tissue (M1: 

Supplementary Figure 4). We correlated CD31neg volumes to standard markers of 

section of the LVW (enlarged ROI highlighted in (a)) with cellular detail using autofluo-

rescence (grey) only. Enlargements show that high autofluorescence in restricted re-

gions is of cellular origin (ROI left, different contrast settings) and that the directionality 

of visualized cardiac cells depends on their respective localization within the muscle 

(ROI right). Magnification: 8x. (c) 3-D reconstruction of the aortic valve in a top-view 

visualized by autofluorescence (grey) and CD31 (green). Magnification: 4x. (d) BAL-

ANCE applied to murine liver enhances sample transparency (left) and enables imaging 

of large tissue samples for quantitative purposes (mid and right). High contrast be-

tween vessel lumen and surrounding tissue allows direct rendering of the portal vein 

system from autofluorescence raw data (mid). (e) Left: BALANCE also enables clearing 

of a human left atrial appendage (LAA) biopsy and enhances sample transparency. Mid: 

The autofluorescence signal alone gives a structural overview and single cellular reso-

lution (right). Scale bar values in µm. One square on the macroscopic images equals 2x2 

mm. (ECi - ethyl cinnamate) 

    

Suppl. Movie 1 Suppl. Movie 2 Suppl. Movie 3 Suppl. Movie 4 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-10338-2/MediaObjects/41467_2019_10338_MOESM4_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-10338-2/MediaObjects/41467_2019_10338_MOESM5_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-10338-2/MediaObjects/41467_2019_10338_MOESM6_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-10338-2/MediaObjects/41467_2019_10338_MOESM7_ESM.mp4
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M1: Figure 3 3-D quantification and characterization of ischemia/reperfusion (I/R) injury 

size using light sheet fluorescence microscopy (LSFM). 

(a) Workflow for LSFM-guided 3-D analysis of I/R injury. (b) Quantification in 3-D; Left: 

heart model based on autofluorescence (grey) for orientation. Middle: an overlay with 

the fluorescein isothyocyanate (FITC)-albumin filling (turquoise), all perfused areas are 

FITC positive (FITCpos), whereas non-perfused areas show no FITC signal (FITCneg) and 
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autofluorescence only. Right: traced FITCneg area, building up a volume model for the 

area at risk (AAR, orange). The traced shape of the knot (white) together with the heart 

surface (translucent grey) give detailed spatial information and enable volume meas-

urements. (c) I/R injury quantification; Top: based on slice by slice tracing of areas neg-

ative for CD31 (CD31neg) (white stars, left) a volume model of I/R injury (right) is re-

constructed (bright yellow). Bottom: combined 3-D models of I/R injury (yellow), AAR 

(orange), knot (white; left) and heart surface (right). (d) In vivo CD31 labeling and spa-

tial information allow tracing of major arteries (dark yellow) and veins (blue). Together 

with the visualization of the knot, occlusion of the left coronary artery (LCA) can be 

confirmed and occluded arteries can be identified (red). Scale bar values in µm. 

 

myocardial damage, such as TTC staining, ejection fraction (EF) reduction and cardiac tro-

ponin I (cTNI) release, as recommended tools in experimental studies14. We found a 

highly linear relationship between TTCneg areas, CD31neg volumes (both normalized to sin-

gle slices as well as total hearts) and EF reduction (M1: Figure 4 a and e). Regions of ab-

normal left ventricular wall movement were located mostly in mid anterior, mid lateral 

and mid inferolateral zones, where TTCneg and CD31neg co-localized (M1: Figure 4 c and 

d). Plasma cTNI levels indicated establishment of infarction, but linearity was not statis-

tically significant for the assessed infarction sizes (M1: Figure 4 f). Of note, infarct size 

determination by troponin assessment has been rather difficult in both, clinical and ex-

perimental environments14,25. Finally, a comparison of 3 operators regarding CD31neg vol-

ume quantification yielded <15% difference of average values (M1: Figure 4 b). Interest-

ingly, we observed a wide spread of infarct-body sizes relative to the AAR (M1: Supple-

mentary Figure 5). Notably, several zones low on TTC (TTClow), which might be consid-

ered I/R injury, were not co-localized with CD31 negativity (M1: Figure 4 and M1: Sup-

plementary Figures 4 and 5). 

3.2.4.4. 3-D vascular ultrastructure during I/R injury recovery 

The CD31 label allowed to reconstruct the 3-D appearance of the cardiac vasculature 

in detail. We observed a highly organized capillary network (M1: Figure 5 a). 2-D quanti-

fication of vessel densities revealed no significantly different values within the heart mus-

cle, but high variances concerning the field of view in the same heart region (M1: Supple-

mentary Figure 6 a). We observed a variability in directionality of vessels, which seemed 
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to be linked to localization within the muscle (M1: Supplementary Figure 6 b). In addition, 

3-D analysis of the left ventricular wall displayed continuous tracts of capillaries surfacing 

multiple times in one image, which might explain counting errors in 2-D immuno-histol-

ogy (M1: Supplementary Figure 6 c). We next employed a filament tracing pipeline18 to 

quantify length and complexity of the vasculature in 3-D. In the left ventricular wall, we 

found a vessel length density (VLD) of 2,946 mm per mm3 and an interbranch distance 

(IBD) of 67 µm (median; n=3) reflecting a >2x higher VLD compared to brain (M1: Figure 

5 d and e and M1: Supplementary Figure 6 d)18. Hence, the blood vessel architecture is a 

characteristic hallmark of intact cardiac tissue.  

Following I/R injury, the heart muscle undergoes a complex and dynamic healing pro-

cess26. To investigate whether such structural alterations were detectable by changes in 

the expression pattern of CD31, we investigated hearts 24 hours and 5 days following I/R 

by LSFM (M1: Figure 5 b and c). At day 5 post-I/R, we only found small CD31neg areas 

throughout the damaged heart when compared with cardiac samples after 24 hours. With 

special regard to injured regions, we observed shorter, less oriented and more branched 

vessels within the damaged area at day 5 post-I/R. We termed this zone curly (CD31curly) 

to describe its distinctive morphological features. Compared to healthy myocardium, fila-

ment tracing in curly areas revealed a trend for lower VLD (1,771 mm/mm3, median, n=3) 

and smaller IBD (51 µm, n=3, median) values, which principally confirms the initial ob-

servation of a shorter and more complex vascular network at sites of injury (M1: Figure 5 

d and e). 
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M1: Figure 4 Correlation of echocardiography, cardiac troponin I (cTNI) plasma levels, tri-

phenyl tetrazolium chloride negative (TTCneg) areas and CD31 negative (CD31neg) volumes 

after 24 h of reperfusion in the same 5 mice. 
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(a) Top panel: Correlation of CD31neg volumes and TTCneg areas per slice (left) and 

heart (right) of various infarct sizes (left: n=40 slices from 8 hearts; right: n=8 hearts; 

r- and p-values depicted). Bottom panel: Associated Bland-Altman analyses of CD31neg 

volumes and TTCneg areas per slice (left, -1.08% mean difference) and per heart (right, 

-0.75% mean difference) of correlations depicted above (dashed black lines mark 95% 

confidence intervals, solid black line marks zero bias, red dashed line marks mean dif-

ference). (b) Inter-operator CD31neg volume quantification variances. (Top) Absolute 

quantified volume of 3 users in 5 randomly selected slices of different hearts subject to 

45 min of ischemia and 24 h of reperfusion. (Bottom) The quantification results per user 

relative to the average (100%, dashed line) quantified volume (in comparison to left, 

slice #4 was excluded as no CD31neg volume was measurable). (c) Original micrographs 

of echocardiographic imaging. Dashed lines indicate left ventricular lumen. White stars 

indicate zones of abnormal left ventricular wall movement. (d) Same I/R injury heart 

as in (c): exemplary TTC staining and subsequent light sheet fluorescence microscopy 

(LSFM)-based 3-D reconstruction of the same slice. (e) Correlation of ejection fraction 

(EF) reduction with TTCneg areas and CD31neg volumes, respectively, per heart (n=5 

hearts; r- and p-values depicted). (f) Left: raw data used for correlation of EF reduction, 

TTCneg and CD31neg with plasma cTNI levels (value for each animal given, n=5). Right: 

correlation of absolute cTNI levels with EF reduction, TTCneg and CD31neg. Scale bar val-

ues in µm. Source data are provided as a Source Data file. 
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M1: Figure 5 4D analysis of vascular meshwork in basal and infarcted hearts 

(a) Left: single optical slice through a cleared murine heart depicting CD31 (green). 

Right: 3-D reconstructions of enlargements, visualizing the microvasculature and its re-

spective directionality. Magnification: 10x. (b) Maximum intensity projections (MIPs) 

comparing CD31 staining in basal, 24 h and 5 d murine hearts. I/R injury is highlighted 
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with yellow dashed line, CD31 curly (CD31curly) region with white dashed lines. Magni-

fication: 6.4 x (basal), 3.2x (24 h), 4x (5 d). (c) Quantification of I/R injury and CD31curly 

volume normalized to heart muscle volume (including appendages and right ventricle 

(RV)) over time (n=5 hearts; median; two-sided Mann-Whitney test, p-value depicted). 

(d) Filament model of CD31 baseline expression (top) and CD31curly region (bottom). 

Magnification: 6.4x. (e) Vessel length density (VLD, left) and interbranch distance (IBD, 

right) in baseline and CD31curly regions (ROIs from 3 hearts; median). Scale bar values 

in µm. Source data are provided as a Source Data file. 

 

To better localize the I/R injury-zones, CD31neg areas were overlaid to a well-known 17-

segment heart muscle scheme27 (M1: Figure 6 a and M1: Supplementary Figure 7). Apical 

and lateral heart segments were primarily affected (M1: Figure 6 b). After 5d of reperfu-

sion, the detectable I/R injury was largely resolved, with only residual peri-apical CD31neg 

segments remaining.  

The analysis also suggested that CD31curly zones on day 5 co-localized with previous 

CD31neg I/R regions. Hence, curly zones might serve as a proxy to delineate previous areas 

of I/R injury, even days after their revascularization (M1: Figures 5 b, c and 6 b). 

3.2.4.5. 3-D mapping of immune cells to zones of infarction 

To investigate the impact of cardiac tissue injury on inflammatory response mecha-

nisms, we next assessed immune cell infiltration of I/R-affected zones. To this end we lo-

calized and quantified neutrophils and macrophages in the infarcted heart after 24 hours 

and 5 days of reperfusion. In line with previous studies and flow cytometric analyses of 

injured hearts, we found that Ly6G positive (Ly6Gpos) neutrophils were most prominent 

after 24 hours (M1: Figure 7 a-c and M1: Supplementary Movies 5-8). Intriguingly, the 

localization of neutrophils matched with CD31neg areas, but did partly not overlap with 

TTCneg zones (M1: Supplementary Figure 8). Neutrophil numbers strongly decreased after 

5 days, whereas F4/80 positive (F4/80pos) macrophages increased. At 24 hours we found 

neutrophils to be highly enriched within the AAR and at the rim of infarct bodies (M1: 

Supplementary Movie 5) indicating neutrophil presence at the border of infarction rather 

than within the damaged tissue itself (M1: Figure 7 d and M1: Supplementary Movies 7 

and 8). Interestingly, at d5, the majority of neutrophils was no longer associated with the 

border of the residual infarct-body but localized in the CD31curly volume (M1: Figure 7 d, 
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n=5, and M1: Supplementary Movie 6). At this time, we could also detect F4/80pos macro-

phages throughout this area (M1: Figure 7 e, n=5). Such a timing of arrival might reflect 

the ongoing tissue repair mediated by macrophages26. 

 

 

 

 

 

 

 

M1: Figure 6 Quantifying I/R injury, AAR and CD31curly localization in mice with the left 

ventricular 17 segment model. 

(a) Left: 3-D model of inferior heart half, cut along the horizontal long axis, based on 

CD31 labelling (green). Four slices are defined: Apex (1), not containing left ventricle 

(LV) lumen, Apical, Mid and Basal, which are equally spaced with LV lumen. Middle: 

These slices, viewed from the apex perspective, can be further segmented. The seg-

ments do not include the right ventricle. Right: Overlay of the segments viewed from 

the apex gives a backbone for probability heat-maps. (b) The localization probability of 

I/R injury after 24 h (left) and 5 d (middle) together with CD31curly (right) given in the 

total amount of hearts affected, represented in heat-maps. K = position of knot in mid 

anterolateral (segment 12). Scale bar values in µm. Source data are provided as a Source 

Data file. 
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M1: Figure 7 Characterization of immune cell infiltrates into I/R injury. 

(a) Example maximum intensity projections (MIPs) of Ly6G positive (Ly6Gpos) neutro-

phils after 24 h (left) as well as Ly6Gpos neutrophils and F4/80 positive (F4/80pos) mac-

rophages after 5 d (middle; right). Depicted are CD31 (green, top row) and Ly6G (tur-

quoise) or F4/80 (purple) signals (middle row) together with a merge (bottom). Dashed 

white line marks the border of the CD31curly region. Magnification: 3.2x (24 h), 4x (5 d). 

(b) Immune cell quantities (top neutrophils, bottom macrophages) determined by flow 

cytometry (white, filled dots) or based on LSFM (white, empty dots) analysis after 24 h 

and 5 d of reperfusion, as well as under baseline condition (n=4-5; median ± interquar-
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tile range; Kruskal-Wallis test with Dunn’s correction). (c) Representative 3-D visuali-

zation of Ly6Gpos cell distribution across whole murine hearts. Heart structure (grey,) 

and knot (white) are shown for orientation. Ly6Gpos cell populations are colored in re-

spect to their localization in either AAR (red), I/R injury (yellow), CD31curly (green) or 

outside the above-mentioned structures (turquoise). (d) Relative cell density ± 30 µm 

from the respective volume border (n=5; median; Kruskal-Wallis test with Dunn’s cor-
rection). (e) 3-D visualization of F4/80pos signals depicted as a surface rendering (pur-

ple) in relation to heart surface (left; heart volume in grey) or CD31curly surface (right; 

CD31curly in green) after 5 d of reperfusion. The knot (white) is visualized for orienta-

tion. Scale bar values in µm. This finding was verified in 5 mice. Source data are pro-

vided as a Source Data file. 

 

    

Suppl. Movie 5 Suppl. Movie 6 Suppl. Movie 7 Suppl. Movie 8 

3.2.5. Discussion 

We developed BALANCE for the fast 3-D characterization of damage- and response-

mechanisms in whole heart specimens. The ability to reconstruct the 3-D shape of affected 

zones might require to re-define the current 2-D-concept of myocardial infarction param-

eters into Volumes At Risk (VAR)/infarct-bodies to give credit to their real 3-D nature.  

The established protocol combines the use of non-toxic reagents, short handling and 

protocol times, less complexity and superior signal homogenization, required for myocar-

dial I/R analysis and not available from other published clearing methods (Supplemen-

tary Table 2). In contrast to iDISCO clearing, ethanol was used for sample dehydration to 

avoid high methanol toxicity and reduce possible incompatibilities with following histo-

logical antibody stainings10. Also, long clearing times, e.g. in CUBIC28 or passive CLAR-

ITY29, were circumvented by the use of non-toxic ECi. BALANCE uses a minimum of hands-

on time and procedure steps to circumvent initial adaption difficulties as compared to 

SWITCH30. Most importantly, it homogenizes tissue autofluorescence throughout highly 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-10338-2/MediaObjects/41467_2019_10338_MOESM8_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-10338-2/MediaObjects/41467_2019_10338_MOESM9_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-10338-2/MediaObjects/41467_2019_10338_MOESM10_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-10338-2/MediaObjects/41467_2019_10338_MOESM11_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-10338-2/MediaObjects/41467_2019_10338_MOESM8_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-10338-2/MediaObjects/41467_2019_10338_MOESM9_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-10338-2/MediaObjects/41467_2019_10338_MOESM10_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-019-10338-2/MediaObjects/41467_2019_10338_MOESM11_ESM.mp4
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autofluorescent organs such as the heart, which is not the case in the original ECi protocol9 

(Supplementary Table 1 and 2). With the advent of robotics and artificial intelligence (AI) 

to automate clearing procedures and data analyses9, the usability and reliability of clear-

ing methods and staining results will be further improved. 

Regarding time and expense of experiments, we compared the conventionally applied 

methods in the field of I/R injury in the murine heart with our current LSFM-based ap-

proach (Supplementary Table 3). The hands-on time of our proposed LSFM procedure is 

comparable to each of the classical methods14. However, none of the currently available 

approaches, including TTC staining, histology, immuno-histology and flow cytometry pro-

vides LSFM-comparable data. LSFM combines spatially resolved I/R injury parameter as-

sessment with cellular quantification and 3-D localization in the same heart. Furthermore, 

LSFM-based analysis offers, inherent from its 3-D nature, the possibility to reconstruct 

the fine ultrastructure of the inspected feature such as the blood capillary network. We 

therefore believe that with our proposed method, the robustness over experiments can 

be increased. At the same time, combined experimental times needed to carry out all other 

individual methods in different animals can be significantly reduced by our multiplexing 

approach. In the near future, computer-based algorithms will further reduce analysis 

time. 

Since our technique can be translated to any I/R injury model, this work opens multi-

ple possibilities for identifying new therapeutic targets. Of note, clinical data on cardio-

protection have been largely disappointing31 and morbidity and mortality for patients 

with an acute myocardial infarction remain considerably high32. Novel approaches are 

therefore desired to improve the outcome of patients. The underlying pathomechanisms 

in I/R injury are very complex and include e.g. the interaction of heart cells (cardiomyo-

cytes, endothelium, fibroblasts) with platelets and immune cells finally producing heart 

cell death. It has recently been concluded that an ideal drug/approach for cardioprotec-

tion would target the cardiac vasculature, immune cells and cardiomyocytes14,31. Several 

promising strategies have been forwarded recently including beta-blocking metoprolol 33-

35 and immune modulatory drugs36,37. A common feature of these approaches is that they 

target not a single but multiple pathways involved in I/R injury. Metoprolol, e.g., interacts 

with beta-receptors on cardiomyocytes to reduce myocardial energy consumption while 

also inhibiting neutrophil-platelet interaction involved in microvascular obstruction33-35. 

With our proposed workflow, we provide a tool for the analysis of conventional I/R injury 
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in conjunction with the characterization of the vascular injury several days after the initial 

I/R event. Another problem of previously forwarded potentially cardioprotective thera-

pies appears to be the lack of rigor in experimental studies14. To establish rigor in our 

model, we performed benchmarking. Hence we have conducted correlation analyses of 

our proposed analysis tool for the CD31neg I/R injury against recently recommended 

standard approaches for experimental animal studies14 and show a very good correlation 

(M1: Figure 4)7,8,14,23,38. Of note, instead of using CD31 antibody labelling to stain the vas-

culature, a lectin-based approach would obtain comparable results, depending on the in-vestigator’s choice39-41. 

Remarkably, the vasculature has been largely affected as shown by our study and the 

vascular injury correlates with tissue damage as assessed by classical methods. It is there-

fore tempting to speculate that the vasculature could become a primary target for future 

cardioprotective strategies. Hence, we believe that BALANCE/LSFM might also help to 

identify additional potential novel therapeutic options for the treatment of I/R injury in 

the future.  

3.2.6. Methods 

ANIMALS 
All experimental animal procedures were approved by the responsible governmental 
agency, the Ministry for Environment, Agriculture, Conservation and Consumer Protec-
tion of the State of North Rhine-Westphalia (MULNV) and complied with all relevant eth-
ical regulations for animal testing and research. Male C57BL/6JRJ (12±3 weeks of age; 
Janvier) and Catchup (C57BL/6-Ly6g(tm2621(Cre-tdTomato)Arte); 12±3 weeks of age)42 
mice were held at the local animal house on 12 h/12 h day and night cycle with water and 
food ad libitum.  
 
HUMAN STUDIES 
All human studies were approved by the local ethics committee of the Medical Faculty, 
University of Duisburg-Essen, Germany (Ethics Approval Nr. 18-8527-BO). The whole 
procedure was in accordance to the World Medical Association Declaration of Helsinki 
and conducted in accordance with the relevant ethical regulations. Written informed con-
sent was obtained from all participants. The patients underwent coronary bypass surgery, 
during which human left atrial appendage (LAA) biopsies were routinely excised. This 
presented no further harm for the patient. 
 
ISCHEMIA/REPERFUSION (I/R) HEART INJURY 
Male C57BL/6JRJ and Catchup mice (12±3 weeks of age) were subjected to a published 
myocardial I/R in vivo protocol38. Briefly, mice were anesthetized by intraperitoneal (i.p.) 
injection of ketamine (100 mg/kg, CatNo. 9089.01.00, bela-pharma) and xylazin (Rompun 
10 mg/kg, CatNo. 6324464.00.00, Ceva Tiergesundheit). They were orally intubated and 
ventilated throughout the operation procedure, with 0.8 l/min air and 0.2 l/min O2 at a 
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tidal volume of 250 µl/stroke and a breathing frequency of 140 strokes/min. Anesthesia 
was maintained during the operation by supplementing 2% isoflurane (Forene, CatNo. 
2594.00.00, abbvie). The chest was opened through a left lateral thoracotomy and the left 
coronary artery (LCA) was ligated. After 45 min of ischemia, reperfusion was allowed for 
indicated time points. As previously described, different infarct sizes may be created by 
this method due to differences in mouse physiology43,44. Mice were treated with 0.1 mg/kg 
buprenorphine (Temgesic, CatNo. 997.00.00, Indivior) subcutaneously every 8 h after op-
eration for a total of 72 h. Mice received 1000 IE heparin (CatNo. 27586.00.00, LEO 
Pharma) i.p. 10 min before the end of the experimental protocol and were killed by cervi-
cal dislocation. 
For light sheet experiments, mice received intravenous (i.v.) tail vein injections 10 min 
before sacrifice with 5 µg of each antibody in PBS in a total volume of 150 µl per animal of 
anti-mouse CD31 (clone: Mec13.3; purified: CatNo. 553369, BD; conjugated with 
AlexaFluor (AF) 647: CatNo. 102516 BioLegend), Ly6G (clone: 1A8; purified: CatNo. 
127602, BioLegend; conjugated with AF647: CatNo. 127610, BioLegend) and/or F4/80 
antibody (clone: BM8; purified: CatNo. 123102, BioLegend; conjugated with AF594: 
CatNo. 123140, BioLegend). In other experiments, respective IgG control antibodies were 
used (rat IgG2a-AF647, CatNo. 400526, BioLegend; rat IgG2a-AF594, CatNo. 400555, Bio-
Legend) (M1: Supplementary Figure 9). Purified antibodies were conjugated with AF790 
using an IgG coupling kit (CatNo. A20189, Thermo Fisher). After sacrifice,  mice were per-
fused blood-free with phosphate-buffered saline (PBS), hearts were excised and subjected 
to following tissue processing.  
To visualize the area at risk (AAR) for light sheet experiments, the heart was placed in ice-
cold PBS after perfusion, the aorta was cannulated, the LCA re-occluded and 2% gelatin / 
0.2% fluorescein isothyocyanate (FITC)-albumin in PBS (gelatin CatNo. G9391, Sigma Al-
drich; FITC-albumin, CatNo. A9771, Sigma Aldrich) was injected via the aorta. After 10 
min incubation in ice-cold PBS, hearts were subjected to tissue processing. 
For hearts to be analyzed by both light sheet fluorescence microscopy (LSFM) and tri-
phenyl tetrazolium chloride (TTC) staining, freshly excised hearts were cut transversely 
along the longitudinal axis in 2 mm slices and stained for 5 min at 37 °C with a 1% (w/v) 
TTC in 0.0774 M Na2HPO4 / 0.0226 M NaH2PO4 in ddH2O solution (Na2HPO4, CatNo. 
4984.2, Roth; NaH2PO4, CatNo. S5011, Sigma Aldrich). Subsequently, macroscopic images 
of the TTC-stained slices were taken with a M80 microscope with an IC80 HD camera at 
1.6x – 2.5x magnifications (both Leica) before being subjected to tissue processing. Com-
puter-assisted planimetry was performed in a double blinded fashion using ImageJ soft-
ware45. 
Mouse plasma was prepared from whole blood taken from inferior vena cava shortly be-
fore heart extraction, mixed with 25 IE heparin (CatNo. 27586.00.00, LEO Pharma) and 
centrifuged 10 min at 3000 x g, 4 °C. Supernatant (plasma) was collected, snap-frozen in 
liquid N2 and stored at -80 °C until analysis. 
 
QUANTIFICATION OF I/R INJURY SIZE USING TTC STAINING 
I/R injury size was quantified as described before38. Briefly, after PBS perfusion and ex-
traction, the LCA was re-occluded and 1 ml 1% Evans blue dye (CatNo E2129, Sigma Al-
drich) in 0.9% NaCl was injected via the aorta to visualize the AAR. The heart is wrapped 
in clear food wrap and stored at -20 °C for 1 h. The heart is then cut in 2 mm slices orthog-
onal to the long axis and incubated in a 1% (w/v) TTC solution as described above. Areas 
of TTCneg, AAR and non-ischemic myocardium were measured using ImageJ45 by two 
blinded, independent operators. I/R injury size was expressed as percentage of AAR.  
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BALANCE PROTOCOL FOR TISSUE CLEARING 
Perfused hearts were immersed in 4% paraformaldehyde (w/v, PFA, CatNo. 10195, Mor-
phisto) in PBS for chemical fixation while standing for 4 h at 4 °C in 15 ml tubes. For all 
following steps, hearts were kept at 4 °C, always agitated, transferred only to pre-cooled 
solutions in 15 ml tubes and kept protected from light. Following fixation, hearts were 
dehydrated in an ascending ethanol series in ddH2O (v/v) of 50%, 70% and 100% (CatNo. 
9065.2, Roth) for at least 4 h while shaking. Samples can also be stored longer at each step 
without loss of staining quality. 
Subsequently, samples were bleached for 4 h in freshly prepared 5% (v/v) hydrogen per-
oxide (CatNo. 349887; Sigma Aldrich) and 5% (v/v) dimethyl sulfoxide (CatNo. 4720.3, 
Roth) in 100% ethanol. Please beware of building pressure during this step. Bleaching 
was carried out to enhance sample clarity, enabling homogenous imaging in lower wave-
length channels while preserving artificial fluorophore fluorescence (M1: Figure 1). After 
a washing step of at least 4 h in 100% ethanol, samples were warmed to room tempera-
ture (RT) for 5 min before transfer into 7 ml pure (99%) ethyl cinnamate (ECi, CatNo. 
112372, Sigma Aldrich) in a glass vial for at least 4 h prior to imaging. Samples were kept 
at RT in the dark until and after imaging. 
 
ADDITIONAL BLEACHING PROTOCOLS TESTED 
Further tested bleaching protocols were performed after fixation and washing. Therefore, 
perfused hearts were immersed in 4% PFA in PBS for chemical fixation while standing for 
4 h at 4 °C in 15 ml tubes, as mentioned above. Hearts were washed in 5 ml PBS + 0.01% 
sodium azide (w/v, Cat. No. K305.1, Roth) over night at room temperature (RT), shaking. 
Afterwards, hearts were washed again another change of 5 ml PBS + 0.01% sodium azide 
for 1 h at RT, shaking.  
Sudan Black bleaching was performed according to the original publication15. After fixa-
tion and washing, hearts were incubated in 0.5% (w/v) Sudan Black B (w/v, Cat. No. 
199664, Sigma-Aldrich) in 70% ethanol in ddH2O for 3 h at RT, shaking. After washing 3x 
in 5ml PBS + 0.01% sodium azide (w/v, Cat. No. K305.1, Roth) for 30 min at RT, shaking, 
hearts were dehydrated in ascending ethanol series in ddH2O (v/v) of 50%, 70% and 
100% for at least 4 h at 4 °C while shaking. Afterwards, hearts were warmed to RT for 5 
min before transfer into 7 ml pure (99%) ECi in a glass vial for at least 4 h prior to imaging. 
Samples were kept at RT in the dark until and after imaging. 
Bleaching using heme elution was accomplished as published beforehand15. After fixation 
and washing, hearts were immersed in 50% CUBIC-1 reagent (v/v) in dH2O for 3 h at 37 
°C, shaking. CUBIC-1 reagent was prepared according to published protocols28 and was 
comprised of 25% Urea (w/w, Cat. No. U5378, Sigma-Aldrich), 25% Quadrol (w/w, Cat. 
No. 122262, Sigma-Aldrich) and 15% Triton X-100 (w/w, Cat. No. X100, Sigma-Aldrich) 
in dH2O. Afterwards, hearts were incubated in pure CUBIC-1 reagent over night at 37 °C, 
shaking and further in another change of CUBIC-1 reagent for 2 d at 37°C, shaking. Fol-
lowing, hearts were dehydrated in ascending ethanol series in ddH2O (v/v) of 50%, 70% 
and 100% for at least 4 h at 4 °C while shaking. Afterwards, hearts were warmed to RT 
for 5 min before transfer into 7 ml pure (99%) ECi in a glass vial for at least 4 h prior to 
imaging. Samples were kept at RT in the dark until and after imaging. 
 
CUBIC CLEARING PROTOCOL 
CUBIC clearing protocol was performed as previously described28. All following incuba-
tion steps were carried out in the dark. After perfusion, hearts were immersed in 4% PFA 
in PBS for chemical fixation while standing for 4 h at 4 °C in 15 ml tubes, as mentioned 
above. Hearts were washed in 5 ml PBS + 0.01% sodium azide (w/v, Cat. No. K305.1, Roth) 
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over night at room temperature (RT), shaking. Afterwards, hearts were washed again an-
other change of 5 ml PBS + 0.01% sodium azide for 1 h at RT, shaking. Afterwards, hearts 
were immersed in 50% CUBIC-1 reagent (v/v) in dH2O for 3 h at 37 °C, shaking. CUBIC-1 
reagent was prepared according to published protocols28 and was comprised of 25% Urea 
(w/w, Cat. No. U5378, Sigma-Aldrich), 25% Quadrol (w/w, Cat. No. 122262, Sigma-Al-
drich) and 15% Triton X-100 (w/w, Cat. No. X100, Sigma-Aldrich) in dH2O. Following, 
hearts were incubated in pure CUBIC-1 reagent over night at 37 °C, shaking and further 
in other changes of CUBIC-1 reagent for 2 d each for a total of 4 d at 37 °C, shaking. Hearts 
were then washed in three changes of PBS + 0.01% sodium azide for 2 h each at RT, shak-
ing. Next, hearts were immersed in 50% CUBIC-2 reagent (v/v) in PBS for 6 h at 37 °C, 
shaking. CUBIC-2 reagent was comprised of 25% Urea (w/w), 50% Sucrose (w/w, Cat. No. 
S7903, Sigma-Aldrich) and 10% Triethanolamine (w/w, Cat. No. 90279, Sigma-Aldrich) 
in dH2O following establish protocols28. Afterwards, hearts were incubated in pure CU-
BIC-2 reagent over night at 37 °C, shaking and another change of CUBIC-2 reagent for 24h 
at 37 °C, shaking. Hearts were imaged in a 50%/50% silicon oil (Cat. No. 175633, Sigma-
Aldrich) and mineral oil (Cat. No. M5904, Sigma-Aldrich) mixture. 
 
LIGHT SHEET FLUORESCENCE MICROSCOPY AND IMAGE PROCESSING 
Samples were imaged using an Ultramicroscope II and ImSpector software (both LaVision 
BioTec). The microscope is based on a MVX10 zoom body (Olympus) with a 2x objective 
and equipped with a Neo sCMOS camera (Andor). For image acquisition, cleared samples 
were immersed in ECi in a quartz cuvette and excited with light sheets of different wave-
lengths (488 nm, 561 nm, 639 nm and 785 nm). Following band-pass emission filters 
(mean nm / spread) were used, depending on the excited fluorophores: 525/50 for FITC; 
595/40 for AF594 or autofluorescence; 680/30 for AF647 and 835/70 for AF790. For 
quantitative imaging, whole hearts were imaged along the longitudinal axis. For image 
acquisition, hearts were trapped, with the apex and the aorta horizontally aligned, in a 
commercially available sample holder (LaVision BioTec). To avoid damage or defor-
mation of the sample, ECi-cleared 1% phytagel/ H2O (CatNo: P8169-100G, Sigma Aldrich) 
blocks were used as buffers between tissue and plastic holder. Hearts were also rotated 
along the longitudinal axis, so that the knot, which remains in situ, faced downwards. This 
reduced blockage of excitation or emission light to a minimum. Whole-heart data sets 
were obtained with 2x total magnification (pixel size of 3.25 µm / pixel x,y, lateral resolu-tion: 6.5 µm in x and y) with 10 µm z spacing between optical planes. Since the camera’s 
chip has 2560 x 2160 pixels, the field of view with this magnification amounts to 8.32 mm 
x 7.02 mm. It was thereby possible to image a whole mouse heart without multi-position-
ing, thus avoiding stitching algorithms while simultaneously reducing acquisition times. 
Sheet width was set to 4200 and numeric aperture to 0.148, resulting in an approximate 
light sheet thickness of 4 µm in the horizontal focus. Illumination time was 350 ms, with 
enabled 8x dynamic focus in both left and right laser lines. Total acquisition time of one 
plane was thus, theoretically, 5.6 s. The vertical thickness of the hearts was generally 
smaller than 6 mm. This is the limiting factor due to the objective’s working distance. As-
suming a z stack as deep as 6 mm, this would have resulted in acquisition of 600 images x 
4 channels = 2400 images, which would theoretically have taken 3.73 h. However, in our 
practical experience one murine heart takes 4 - 6 h of acquisition time. For regions of in-
terest (ROIs), magnifications are indicated in the figure legends.  
See https://www.lavisionbiotec.com/products/UltraMicroscope/specification.html for 
zoom factors, corresponding numerical apertures and resolutions. To avoid photobleach-
ing during imaging, the longest wavelength was imaged first. 
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16bit OME.TIF stacks were converted (ImarisFileConverterx64, Version 9.2.0, BitPlane) 
into Imaris files (.ims). 3-D reconstruction and subsequent analysis was done using Imaris 
software (BitPlane). Heart surface (25 µm grain size) and volume was determined using 
surface creation algorithms. All surface tracings (AAR, CD31neg, CD31curly, vessels) are 
based on the contour tracing tool and are carried out manually/semi-automatically. For 
surface creation, each (vessels), every 5th (CD31 tracings) or 10th (AAR) image was 
traced. Surfaces were created with maximum resolution (2160 x 2560 pixel) and pre-
served features, to ensure matching of the traced lines with the surface border. Discrimi-
nation of arteries and veins was done by their respective location within the heart muscle 
and the signal intensity of the CD31 staining (CD31high for arteries, CD31low for veins). 
For 2-D vessel counting, 8 slices of the right ventricular wall (RVW), the intraventricular 
septum (IVS) and the left ventricular wall (LVW) (n=3 mice) were analyzed. For this, ca-
pillaries in 8 fields of view of 251.49 µm x 251.49 µm size (not shrinkage corrected) were 
manually counted and extrapolated to capillaries per mm². 
Vessel quantification was performed as previously described18. Image data were first pre-
processed, as a necessary step to reduce noise and improve vessel contrast, before apply-
ing a filament tracer model for vessel quantification in the 3-D software package Imaris 
(BitPlane). 
Briefly, image stacks were first preprocessed in the open source software ImageJ45 by ap-
plying a Gaussian smoothing, where a Gaussian sigma of 2 µm was chosen to be less than 
half the diameter of the smallest vessels. This was followed by a rolling ball background 
subtraction. In order not to affect the intensity distribution within the vessels themselves, 
a rolling ball radius of 20 µm was chosen, which was more than twice the diameter of the 
largest vessel. Any resulting edge artifacts from background variations could be removed 
during a later thresholding step in Imaris. The contrast of vessels was further enhanced 
using a python script (vmtkimagevesselenhancement) from the open source Vascular 
Modelling Toolkit project (VMTK: www.vmtk.org), which performed a multiscale Hes-
sian-based Frangi vesselness filter46. The feature-based enhancement filter of Frangi is 
now a well-established tool for vessel segmentation47. In addition to the improved vessel 
contrast and non-vessel suppression, the Frangi filter also improved the continuity of the 
vessels by smoothing out inconsistencies in the vessel labeling along the length of the ves-
sels. These preprocessing steps were found to be necessary for the fidelity of tracing 
smaller vessels when applying the filament-tracing algorithm in Imaris. In particular since, for the tracing of vessels, it was necessary to apply the ‘with loops’ filament tracing 
method, which uses an initial simple thresholding for segmenting the vessels. Without 
smoothing, background subtraction and contrast enhancement, small vessels that were 
less intense were either inconsistently segmented, due to variations in the background 
signal, not distinctly segmented when close to larger much brighter vessels, or were not 
segmented as an integral vessel, but were broken up due to inconsistencies in the labelling 
efficiency. It should also be noted that one known artifact of the Frangi filter is that it can 
lead to discontinuities at branching points. In particular, for branching that occurs in a 
direction orthogonal to the main branch. Although we observed a reduction in the vessel 
intensity at these points, this effect occurred at a range very close to the branch point, and 
for our data did not result in any discontinuities in the Imaris tracing. Furthermore, we 
also observed that the Frangi vessel filter can affect the relative intensities of the vessel 
branches. Indeed, the intensity of smaller vessels was seen to be enhanced relative to 
larger vessels. In the Imaris filament tracer, this could influence the evaluation of their 
relative diameters, due to the use of the simple intensity threshold method for segmenta-
tion. Indeed, in general, the application of a simple thresholding segmentation resulted in 
a relative mismatch in the filament diameters between small low intensity vessels and the 
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larger brighter vessels, and also resulted in a mismatch for the filament path, calculated 
from the center lines of the segmented vessels. Therefore, following the construction of 
the initial filament model, this mismatch was corrected in Imaris with two further pro-cessing steps. Firstly, a ‘re-alignment’ of the filament model was performed against the 
channel corresponding to the Gaussian smoothed and background subtracted vessel data. 
The same channel was then used to adjust the filament diameters, using an approach 
based on the relative contrast change across the diameter of the vessels. From the result-
ing filament model, parameters for the vascular length and branching points could be ex-
tracted. 
For quantification of CD31 signal intensities over different specimens, single optical 
planes and MIPs of whole hearts were manually analyzed.  
In order to determine the tissue shrinkage occurring during the BALANCE protocol we 
measured heart slice thickness after heart extraction (naïve, 1.9 mm ± 0.17; mean ± s.d.) 
and shortly before light sheet imaging (cleared, 1.555 mm ± 0.12; mean ± s.d.) in 3 mice. 
The slice height was reduced to 82% ± 2% (mean ± s.d.) of their original size. The factor 
used to correct all displayed volumes throughout the manuscript was therefore 1.22 (1 
divided by 0.82) for every spatial dimension. Please note that displayed scale bars are not 
corrected, since they relate to the real size of the samples imaged within ECi. 
Immune cell counts were determined using the spot detection algorithm with an assumed 
diameter of neutrophils of 7 µm (14 µm z). After assessment of signal distributions in non-
stained, basal, I45min R24h and I45min R5d hearts, a threshold was applied for all hearts 
(4500 - 35000 grey values, M1: Supplementary Figure 9a and b). Localization of detected 
spots respective to surface borders was measured using the distance transformation ex-
tension on desired surfaces. As a result, spot intensity values are replaced by the mini-
mum distance to the border of the transformed surface. The sum of all detected spots 
within ± 30 µm of the surface borders of infarct bodies and CD31curly regions were nor-
malized to the respective volume and the total amount of cells present in the heart. We 
used a transgenic mouse line with endogenously labeled neutrophils (Catchup mice42) to 
show that all neutrophils invading the myocardium are labeled using our i.v.-mediated 
staining approach (M1: Supplementary Figure 2). 
For the 17 segment model, clipping planes were introduced in the required locations of 
the left ventricle (see Cerqueira et al48), images of 3-D content per slice were taken and 
overlaid with a segment grid in Illustrator CC (Adobe). If a segment showed I/R in-
jury/AAR/CD31curly, it was digitally rated as positive. The sum of the counts per segment 
over all hearts was depicted as heat maps, generated using R software49. 
Due to the diffuse staining pattern of the F4/80 AF790 antibody, spot detection was not 
feasible, and we rendered the volume of the immune cell localization instead. 
Enlargements and other displayed content was processed using ImageJ software45. 
 
ECHOCARDIOGRAPHIC ASSESSMENT 
Mouse echocardiography was conducted using Visualsonics Vevo 2100 Imaging system. 
After initial anesthesia with 4% isoflurane in 1 L/min O2, mice were placed on a heated 
plate and anesthesia was maintained with 1.5% isoflurane. A rectal probe was introduced 
and heart rate, respiratory rate and body temperature were monitored continuously. Af-
ter hair removal, images of long and short parasternal axis were acquired in M-mode and 
B-mode. Ejection fraction was calculated using Simpson’s method50. 
 
CARDIAC TROPONIN I ELISA 
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Cardiac troponin I levels were determined from heparin plasma using ultra-sensitive 
mouse cardiac troponin-I ELISA (CatNo CTNI-1-US, Life Diagnostics) following manufac-turer’s instructions. To obtain quantifiable results, samples were diluted 1:100 in diluent 
YD25-1, according to supplier’s suggestions. Absorbance values were recorded using a 
FLUOStar Omega (BMG Labtech). 
 
FLOW CYTOMETRY PROCEDURE AND ANALYSIS 
PBS-perfused hearts of mice after 24 h and 5 d of reperfusion as well as under basal con-
ditions, were mechanically minced and incubated in an enzyme solution comprised of 450 
U/ml collagenase I (CatNo C0130, Sigma Aldrich), 125 U/ml collagenase XI (CatNo C7657, 
Sigma Aldrich), 60 U/ml hyaluronidase (CatNo H3506, Sigma Aldrich), 20mM HEPES 
(CatNo H3375, Sigma Aldrich), 60 U/ml DNase (CatNo D5319, Sigma Aldrich) in PBS for 
40 min in a ThermoMixer C (Eppendorf) at 37 °C and 300 rpm. After enzymatic digestion, 
the solution was filtered through a 40 µm filter and flow-through was centrifuged for 5 
min at 4 °C and 350 x g. Supernatant was discarded and cell pellet resuspended in 1.5 ml 
PBS. 100 µl of this solution per sample was used for staining, while one solution was cho-
sen for fluorescence minus one (FMO) controls. Blocking of FC-receptors was done by 
adding 2 µl of TruStain fcX (CatNo 101319, BioLegend) and incubating for 20 min on ice 
in the dark. Samples were washed by adding 100 µl PBS, centrifuging for 5 min at 4 °C and 
350 x g, discarding supernatant, and resuspending the cell pellet in 50 µl PBS. Samples 
were stained by adding 50 µl PBS containing antibodies CD45-AF700 (CatNo 103127, Bi-
oLegend), Ly6G-PerCP/Cy5.5 (CatNo 127615, BioLegend), CD11b-BV605 (CatNo 101257, 
BioLegend) and F4/80-BV421 (CatNo 123137, BioLegend), all at a dilution of 1:200. In-
cubation was done for 30 min at RT in the dark, with simultaneous dead and alive staining 
by addition of Zombie NIR dye (1:2000, CatNo 423105, BioLegend). After antibody incu-
bation, samples were washed as before, supernatant was discarded and cell pellet was 
resuspended in 150 µl FACS-Buffer, comprised of 1% (v/v) fetal bovine serum (CatNo 
P30-3302, PAN Biotech) and 0.5% bovine serum albumin (CatNo 8076.3, Roth) in PBS. 
Data was acquired on a BD FACS Aria III (BD Biosciences) and analysis was performed 
using FlowJo software (Ashland, USA). Gating strategy is shown in M1: Supplementary 
Figure 9 c. 
 
STATISTICAL ANALYSIS 
Statistical analysis was performed using GraphPad Prism 6.0 for Windows (GraphPad Software). Data are given as indicated in the figure legends. Student’s t-test or Mann-Whit-
ney U test were performed for comparison of two groups. Kruskal-Wallis or one-way / 
two-way ANOVA (with or without repeated measures) followed by Dunn’s multiple com-parisons test or Bonferroni’s correction were performed for multiple group comparisons, 
as indicated. Correlation was performed using lineary regression best-fit and calculating Pearson’s correlation coefficient r. Comparison of two methods was done by Bland-Alt-
man analysis. P-values are depicted and a value of p<0.05 was considered significant. 

3.2.7. Data availability 

The datasets generated during and/or analyzed during the current study are available 
from the corresponding authors upon request.  
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3.3. Interlude I 

We have seen how LSFM combined with tissue clearing and i.v. injected fluorophore 

conjugated antibodies can be used as a fast readout process to analyze anatomical and 

immunological features of an entire mouse heart after ischemia/reperfusion injury sim-

ultaneously. We mainly focused on visualizing neutrophils in their role as first responders 

in an acute sterile inflammation.  

Visualizing cellular components of the immune system in entire organs is of course 

neither restricted to samples from the vascular medicine field nor to murine models. Hu-

man samples can also be processed and cleared using the BALANCE protocol (M1 Figure 

3). This is relevant in terms of human clinical research. However, the problem with human 

samples is that they always exhibit a high background fluorescence due to residual blood, 

making autofluorescence-attenuation, as implemented before1, a prerequisite for quanti-

tative imaging. Furthermore, whole-mount staining is the required route of fluorophore 

conjugated antibodies in human samples in contrast to i.v. injections.  

What might be the role and distribution pattern of neutrophils in a chronic sterile in-

flammation, as it presents in solid cancers? In the past, the impact of tumor invading cy-

totoxic T cells, amongst others, has been comprehensively studied90,180. What about other 

cellular components of the IS, like neutrophils, that are also known to play a crucial role 

in tumor development?100 How do other cells influence tumor biology or T cell function? 

Are there specific patterns to the location of infiltrating immune cells? Can these interac-tions influence the patient’s outcome and maybe also offer new ideas for treatments? 

The following paper, published 2019 in Science Immunology, focuses on answering 

those questions in a 3-D space. Especially the role of TAN and their locally restricted in-

teraction with cytotoxic T cells are assessed in human head and neck squamous cell car-

cinoma2. 
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3.3.1. Additional info manuscript #2 

3.3.1.1. Supplementary Material deposit 

Supplementary Material can be found on the attached CD at the end of this thesis, on 

the journal webpage or under my personal Sciebo repository. Hyperlinks provided might 

be subject to change. → immunology.sciencemag 
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3.3.2. Author contributions manuscript #2 

Author contributions of Simon F. Merz for the published manuscript 

 

Multidimensional imaging provides evidence for down-regulation of T cell effector 

function by MDSC in human cancer tissue 
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One Sentence Summary: Intratumoral physical engagement of T cells with immunosup-

pressive neutrophils is associated with reduced effector function and poor clinical out-

come 

3.4.2. Abstract 

A high intratumoral frequency of neutrophils is associated with poor clinical outcome 

in most cancer entities. It is hypothesized that immunosuppressive MDSC (myeloid-de-

rived suppressor cell) activity of neutrophils against tumor reactive T cells contributes to 

this effect. However, direct evidence for such activity in situ is lacking. Here, we utilized 

whole-mount labeling and clearing, 3-D light sheet microscopy and digital image recon-

struction supplemented by 2-D multi-parameter immunofluorescence, for in situ analyses 

of potential MDSC-T cell interactions in primary human head and neck cancer tissue. We 

could identify intratumoral hot spots of high PMN-MDSC and T cell colocalization. In these 

areas, the expression of effector molecules Granzyme B and Ki-67 in T cells was strongly 

reduced, in particular for T cells that were in close proximity or physically engaged with 

PMN-MDSC, which expressed LOX-1 and arginase I. Importantly, cancer patients with ev-

idence for strong downregulation of T cell function by PMN-MDSC had significantly im-

paired survival. In sum, our approach identifies areas of clinically relevant functional in-

teraction between MDSC and T cells in human cancer tissue and may help to inform pa-

tient selection in future combination immunotherapies. 

3.4.3. Introduction 

The tumor microenvironment is a spatially organized landscape with immune cells 

located in the core of the tumor, its invasive margin or in the surrounding stroma that 

mainly consists of fibroblastoid mesenchymal cells (1). Different types of infiltrating im-

mune cells have different effects on tumor progression (2) and location-specific effects on 

disease progression and response to therapy are possible. A strong lymphocytic infiltra-

tion is typically associated with good clinical outcome in many different tumor types, in-

cluding melanoma, breast, bladder, urothelial, ovarian, colorectal, renal, lung and head 

and neck cancer (HNC) (2-6). Accumulating evidence also indicates a critical role of mye-

loid cells in the pathophysiology of human cancers. Increased numbers of neutrophil gran-
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ulocytes have been observed both in the peripheral blood and in the tumor tissues of pa-

tients with different types of cancer (7). In murine studies, it appears that tumor-associ-

ated neutrophils (TAN) can exert both, pro-tumor and anti-tumor effects (8). Numerous 

studies have shown that neutrophils can promote tumor progression by degrading ma-

trix, stimulating tumor cell proliferation, increasing metastasis, and enhancing angiogen-

esis (9). In addition, immunosuppressive types of neutrophils, termed PMN-MDSC (poly-

morphonuclear myeloid-derived suppressor cells), have been described in the circulation, 

with preferential accumulation and co-purification with mononuclear cells in the so-called “low density” (LDN) fraction of the blood (10). In tissues, neutrophils might also 
contribute to immune suppression and, subsequently, tumor progression in a manner 

similar to that described for PMN-MDSC (11). However, TAN can also exert anti-tumor 

functions, such as promoting tumor cell death via their powerful antimicrobial killing ma-

chinery or by inducing factors that recruit and activate innate and adaptive immune cells 

(12, 13). 

In recent years, there has been progress in the phenotypic and functional characteri-

zation of circulating immunosuppressive neutrophils. Immunosuppressive MDSC activity 

has been ascribed to activated neutrophils in the LDN fraction of the peripheral blood 

(14). Lectin-type oxidized LDL receptor-1 (LOX-1) has been suggested as a potential 

marker for neutrophils with MDSC activity (15). Of note, mature neutrophils contained 

stronger suppressive MDSC activity as compared to their immature counterparts (16). In 

contrast to circulating cells, still very little is known about the identity of PMN-MDSC or 

other subtypes of neutrophils in human cancer tissue. Functional studies on tissue cells 

depend on the analysis of bulk cell suspensions released from sufficiently large, fresh tis-

sue pieces. Such studies are possible in lung cancer and Singhal et al identified a specific 

subset of TANs in lung cancer of early-stage disease patients. Those APC-like ‘‘hybrid neu-trophils” exhibited characteristics of both neutrophils and antigen-presenting cells 

(APCs), expressed HLA-DR, cross-presented antigens, and stimulated T cell activity (17). 

Furthermore, Condamine et al found that 15 - 50% of neutrophils in tumor tissues stained 

positive for LOX-1. Neutrophils from the peripheral blood and bone-marrow, which ex-

pressed LOX-1, were more suppressive compared to their LOX-1- counterparts. However, 

no functional analysis of LOX-1+ TAN from tissue was performed in that study (15).  

The big disadvantage of ex vivo functional analyses of tumor-infiltrating immune cells 

based on tissue dissociation is the fact that cells can no longer be assigned to their original 
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localization in either tumor core, stroma or blood vessels. Cells are isolated from only 

macroscopically evaluated fresh tissue pieces and mechanical processing or enzymatic 

treatment further modulate the cells of interest. The purity of the preparation can even 

be further influenced by remaining peripheral blood cells. Hence, the spatial context, e.g. 

inflamed vs. less infiltrated tissue is lost and functionally relevant physical interactions of 

cells are disrupted. Thus, cellular interactions restricted to specific tissue regions cannot 

be assessed.  

Histopathological analysis combined with quantitative multi-parameter immunofluo-

rescence imaging allows mapping the spatial distribution of tumor cells and immune cells 

(18). It also enables a separate analysis of tumor core, margin and stromal areas together 

with the definition of tumor regions highly or less infiltrated by immune cells. Finally, po-

tential interactions between immune cells, including conjugate formation, can also be 

quantified. This spatial context and localization of particular immune cell subsets are cru-

cial for understanding their function as well as their role in disease progression and re-

sponse to therapy in HNC and other types of cancer (2, 6, 19). Moreover, aided by ad-

vanced image analysis technologies, the spatial context of tumor and stromal cells can be 

analyzed at single-cell resolution using rigorous spatial statistics to investigate locally re-

stricted clustering, dispersion and interactions in two or three dimensions (3D) (18). 

In our study, we focused on the interaction of TAN and TIL (tumor-infiltrating lym-

phocytes) in the microenvironment of tumors of the head and neck region. Understanding 

the role of TAN in the tumor immune microenvironment is important, as TAN are one of 

the most powerful predictors of poor survival in large pan-cancer analyses (7). Our study 

explored the possibility that TAN or TAN subsets impair the activity of tumor-infiltrating 

T cells in situ. To this end, we utilized both, 2D and 3D quantitative multi-parameter im-

munofluorescence imaging approaches and analysis. We determined the localization of 

TAN and TIL in the tumor tissue to further define functional subsets of the cells. By this 

approach, we identified intratumoral hot spots of TAN/TIL interactions. We found evi-

dence of strongly reduced TIL function in such hotspots, especially in regions where the 

TAN showed a phenotype of PMN-MDSC and physically engaged with TIL. Since the de-

gree of inhibitory TAN/TIL interactions strongly correlated with patient survival, we pro-

pose that one mechanism of PMN-MDSC function is the intratumoral inactivation of TIL 

by direct physical confrontation.  
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3.4.4. Results 

3.4.4.1. Density and intratumoral localization of granulocytes and T cells 

Tumor infiltrating immune cells can be localized either in epithelial tumor core areas 

with direct contact to tumor cells or in stromal regions, which mainly consist of fibroblas-

toid mesenchymal cells. Segmentation into stromal and tumor core area was performed 

for each tissue sample, based on training of the image analysis software and pan-cy-

tokeratin staining (M2: Figure 1a). We then used the markers CD66b and CD3 together 

with tissue segmentation to determine the density of granulocytes and T cells in tumor 

core and stromal regions, respectively (M2: Figure 1b, c). We found high inter-individual 

variation of cell densities, with equal T cell densities in both, stroma and tumor regions. 

In contrast, the density of CD66b+ cells was significantly lower in the tumor core area. 2-

D tissue analysis alone is inherently spatially limited and cannot faithfully represent the 

complex 3-D tissue architecture. In order to overcome this, we established a whole-mount 

labeling and tissue clearing approach based on 3-D light sheet fluorescence microscopy 

(20), which permitted the determination of absolute immune cell numbers as well as their 

3D distribution. We segmented and quantified stroma and tumor volumes and deter-

mined granulocyte and T cell infiltrate densities in both areas (M2: suppl. video 1, M2: 

Figure 1d, e). Using this novel technical approach, we could quantify the absolute number 

of CD66b+ and CD3+ cells in human tissue pieces of up to 1cm3 size. Quantitative analysis 

revealed cellular densities of 15.000 to 60.000 granulocytes and T cells per mm3 for most 

patients analyzed. Interestingly, 3-D absolute cell counts confirmed the reduced density 

of CD66b+ cells in tumor core areas (M2: Figure 1f).  

The application of a 3-D shell model also allowed grouping segmented cells according 

to their distance from the tumor margin (M2: Figure 1g-h). Density of CD3+ cells was high-

est at the tumor margin and decreased with distance (M2: Figure 1i). In contrast, CD66b+ 

cell densities were relatively consistent in tumor surrounding stromal tissue, but also de-

creased with higher proximity to the tumor core (M2: Figure 1j). 
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M2: Figure 1 Intratumoral spatial distribution of granulocytes and T cells 

Tissue studio composer technology and image-based machine learning (A), pan-cy-

tokeratin staining (B) and the manual tracing wizard of tissue studio were used to de-

fine tumor and stroma regions. Multi-parameter immunofluorescence was used to de-

termine the density of CD3 and CD66b cells in 2-D tissue sections (n=137 patients) (C) 

or whole mount stained 3-D material (n=11) (F) obtained from patients with HNC. Pan-

els D and E represent still images of videos and depict CD3 cells (blue), CD66b cells 

(green) and tumor surface area. Panel E / video 1 are additionally provided as supple-mentary material. Using the “split into surface” Spots tool of Imaris, the density of CD3+ 
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and CD66b+ cells within defined distances to the tumor margin was determined (G-I). 

Paired t-test was used to determine statistical significance.  

3.4.4.2. Identification, spatial distribution and clinical relevance of LOX1+ TAN  

The myeloid-derived suppressor cell (MDSC) activity of a subtype of polymorphonu-

clear (PMN) leukocytes in the peripheral blood, now termed PMN-MDSC (21), is well es-

tablished. For these circulating PMN-MDSC, both CD66b and CD15 have been used as PMN 

markers and suppressive subsets have been defined by CD10, CD16 and LOX-1 positivity 

in three independent studies (15, 16, 22). Although LOX-1 has been suggested as a PMN-

MDSC marker, very little is known about the phenotype, frequency, localization, activity 

and clinical relevance of potentially T cell suppressive granulocytic cells in human tumor 

tissues. 

In order to shed more light on this topic, we first characterized tumor-infiltrating leu-

kocytes by flow cytometry applying the markers mentioned above. We found that the ma-

jority (90-99%) of CD66b+ neutrophils in the tumor tissues were positive for CD10, 

CD11b and CD16, a phenotype characteristic for mature neutrophils (M2: Figure 2a,b). 

Interestingly, and confirming previously reported observation (15), LOX-1 defined two 

subsets of neutrophils in our cohort of HNC patients. Using multi-color immunofluores-

cence (M2: Figure 2c) we found the relative proportion of LOX-1+ TAN to vary greatly 

among patients (M2: Figure 2d; range 4% to 99% and 1% to 97% in tumor and stroma, 

respectively). Consistent with the reduced overall CD66b+ cell densities reported above, 

LOX1+CD66b+ cells also had lower densities within tumor core areas compared with 

stroma (M2: Figure 2e).  

The expression of myeloperoxidase (MPO), arginase I and HLA-DR in neutrophils and 

PMN-MDSC has been associated with their tumor-promoting and T cell suppressive or 

stimulatory activity, respectively (14, 17, 23). Multi-color immunofluorescence (M2: Fig-

ure 2f) revealed that the majority of the CD66b+ cells in both, tumor and stroma, ex-

pressed arginase I and MPO, whereas only very few neutrophils (below 20% in most pa-

tients) expressed HLA-DR (M2: Figure 2g). While the majority of the LOX-1+ TAN were 

positive for MPO and immunosuppressive arginase I, these molecules were less fre-

quently expressed in LOX-1-/CD66b+ cells (M2: Figure 2h, i). Nevertheless, HLA-DR-
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low/negative and HLA-DR-positive TAN both had substantial expression of LOX-1 and ar-

ginase I (M2: suppl. figure S1).  

Next, we assessed the clinical relevance of TAN density and localization in two subsets 

of HNC, namely LSCC and OSCC. Clearly, a high density (above median) of TAN in tumor 

tissue in both cancer types was significantly associated with reduced overall survival (OS) 

(M2: Figure S2a, c; see tables S2 and S4 for multivariate analysis). In contrast, high TAN 

densities in stroma regions did not have a significant effect on OS (M2: Figure S2b, d).  

Interestingly, a profound prognostic relevance was observed for LOX-1+ TAN density in 

the tumor core area of LSCC and OSCC patients (M2: Figure 2j, suppl.  figure S2e; see table 

S4 for multivariate analyses). This was in contrast to a moderate and statistically not sig-

nificant relationship between outcome and LOX-1+ TAN density in the stromal tissue ar-

eas (M2: Figure 2k, and M2: suppl. figure S2f). The clinical relevance of TAN and LOX-1 

was underscored by the observed correlation of TAN density and LOX-1 expression with 

lymph node metastasis staging (M2: suppl. figure S2g-h).  

3.4.4.3. Quantitative in situ tissue analysis provides evidence for in vivo PMN-

MDSC activity 

It has been suggested that LOX-1+/CD66b+ cells represent PMN-MDSC (15). However, 

experimental data on a potential in situ interaction of LOX-1+/CD66b+ cells and T cells in 

tumor tissues are lacking. Therefore, we embarked on a systematic analysis of TAN and 

potential PMN-MDSC with T cells in the tumor tissue of patients with HNC.  

Using our established 3-D analysis protocol we first delineated potential hot spots of in-

teraction between CD66b+ cells and CD3 cells in defined tissue areas. After quantification 

of CD66b+ and CD3+ cell densities in both, 2-D and 3-D approaches (M2: Figure 3 a-c) we 

noted a striking heterogeneous distribution of both cell types. We therefore defined T cell-

dominated, TAN-dominated and mixed regions. TAN-dominated regions were defined as 

areas with a neutrophil/T cell ratio (NTR) >9 (more than 90% neutrophils), T cell domi-

nated with a NTR<0.1 (more than 90% T cells) and mixed regions with a NTR between 

0.1 and 9. Mixed regions were the most frequent areas making up 49% of the tumor core 

area and 54% of the stroma (M2: Figure 3d). Supplementary video 2 and figure 3b show 

examples for the 3-D reconstruction and color coding of those regions (TAN region = 

green, T cell region = red, mixed region = yellow). 
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Next, we determined the exact position and mean nearest neighbor (n-n) distances of CD3 

to CD66b cells in entire tissue section of 54 patients. In each instance the n-n distances 

were normalized by division with the n-n distances for a CSR distribution model, repre-

senting theoretical random distribution. We found that the actual relative mean n-n dis-

tance had values below 1, which is less than that expected for a CSR distribution, and thus 

indicates greater proximity and potential functional interaction between the two cellular 

subsets (M2: Figure 3e). Quantitative analysis of direct CD3-CD66b conjugates revealed 

on average 5-10% of CD3 and CD66b cells engaged in conjugation (M2: Figure 3f, g). We 

also measured conjugation with CD66b cells separately for CD4 and CD8 T cell subsets. 

Both T cell subsets displayed similar conjugation frequencies with neutrophils (mean 

around 5%, blue symbols in suppl. figures S3a and b).  

Since cellular conjugation in tissues is a 3-D process, we validated our data using whole 

mount labelling of tissue pieces. Video 3 and figure 3h show the identification of unconju-

gated and conjugated cells in situ after 2-color whole mount staining, ultramicroscope 

image acquisition, digital conversion and 3-D image reconstruction. The quantification 

confirmed that indeed 5-10% of CD3 and CD66b cells engaged in conjugates with each 

other (M2: suppl. figure S4a). While more than 10% of CD3 and CD66b cells formed con-

jugates close to the tumor margin, the relative percentage of conjugated cells declined to 

below 5% at distances greater than 200 µm into the tumor core or stromal area (M2: 

suppl. figure S4b, c). Given the potential role of LOX-1+ TAN in T cell modulation, we next 

developed a four-color staining protocol (M2: suppl. figure S4d) and indeed found an in-

creased LOX-1 positivity in CD66b+ cells forming conjugates with T cells (M2: Figure 3i). 

This increased positivity was likewise observed for conjugates with CD4 and CD8 T cell 

subsets (M2: suppl. figure S3c and d). A plot of the relative CD3 cell density as a function 

of radial distance around LOX+ TAN and LOX- TAN cells indicates an increased CD3 clus-

tering around TAN cells in general, with a significantly higher degree of clustering around 

LOX-1+ TAN cells, specifically in the tumor region (M2: Figure 3 j, k). Overall, these data 

suggest a higher propensity of LOX-1+ TAN to engage with T cells, although an upregula-

tion of LOX-1 as a consequence of conjugate formation cannot be ruled out. Finally, clinical 

follow-up data supported the potential functional and pathophysiological relevance of 

TAN-TIL conjugate formation. Patients with a high percentage of CD3 conjugated to LOX-

1+ TAN (M2: Figure 3 l, m) or overall TAN (M2: suppl figure S4e, f) in their tumor tissue  
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M2: Figure 2 Identification and quantification of intratumoral TAN subsets  
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TAN (see panel A for gating) isolated from fresh tumor tissue of patients with HNC can-

cer (n=8) were subjected to flow cytometry and stained for the expression of LOX-1, 

CD11b, CD16, and CD10 (B). Multi-parameter immunofluorescence in cryosectioned 

tissue samples (see panel C and F for examples) was used to determine the density of 

CD66b+ cells expressing LOX-1, MPO, arginase I, or HLA-DR (D, E, G) in tumor and 

stroma regions, respectively. The percentage of LOX-1+ and LOX-1- TAN expressing 

MPO (H) and arginase I (I) in tumor and stroma was determined by 3-color immunoflu-

orescence combined with a DAPI counterstain (F). Kaplan-Meier survival curves for 

overall survival were plotted for patients with CD66b+Lox1+  cell density above or be-

low the median in tumor and  stroma regions (LSCC patients, n= 53). Statistical signifi-

cance was determined by paired t-test (D-I) or log-rank regression analysis (I). 

 

 displayed significantly impaired survival compared to those patients with lower CD3 

conjugation. Taken together, these data define and quantify, for the first time, intra-

tumoral areas of substantial TAN-TIL interaction and suggest a functional and clinical rel-

evance of these interactions especially for LOX-1+ TAN.  

Data from murine and human ex vivo models suggested downregulation of T cell func-

tion by PMN-MDSC. To obtain evidence for this process in human cancer tissue, we per-

formed an in-depth analysis of potential links between CD66b+ cells and expression of 

GrzB (cytotoxicity, M2: Figure 4a) and Ki-67 (proliferation, M2: Figure 4b) in tumor-infil-

trating T cells. Experiments focused on mixed regions, in which frequent interaction of 

both cell types occurred. In this region, we determined the relative percentage and the 

density of different subsets of CD66b+ cells, and determined the correlations with the rel-

ative percentage and the density of T cells expressing either GrzB or Ki67 (M2: Figure 4c, 

d). High prevalence of CD66b+ subsets expressing either LOX-1, arginase or MPO nega-

tively correlated with the density or percentage of proliferating and cytotoxic T cells. The 

strongest negative correlations were found between the density of arginase and LOX-1 

expressing TAN and the density of proliferating and cytotoxic T cells in the tumor area 

(M2: Figure 4c, left part). Correlations in the stromal area were similar but less pro-

nounced, suggesting a stronger modulation of T cell effector function by immunosuppres-

sive CD66b+ cells in the tumor area. Interestingly, the density of HLA-DR+ TAN strongly 

correlated with the increased prevalence of proliferating and cytotoxic  
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M2: Figure 3 Spatial distribution and interaction of TAN and T cells in situ 
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T cells (CD3, red) and TAN (CD66b, green) were identified and quantified by whole 

mount staining (A, B) using Imaris or in cryosections (C) using tissue studio. Neutrophil 

to T cell ratio (NTR) was determined. Regions with NTR >9 (more than 90% neutro-

phils, green circle) were defined as “neutrophil dominant”, regions with NTR >0.1 (less than 10% neutrophils, red circle) as “T cell dominant” and regions with NTR between 
0.1 and 9 as mixed regions (yellow circle) (see video 2 for illustration). White outline in 

(C) defines the tumor core area and the pie charts in (D) show the relative percentage 

of the indicated region in tumor and stroma (n=137). Determination of relative nearest 

neighbor distance from a CSR model (see supplementary methods for details) indicated 

a non-random distribution and clustering of CD3 and CD66b cells (E). Physical conjuga-

tion of CD3 cells with CD66b cells (F-H) and percentage of LOX-1-positivity in conju-

gated versus unconjugated CD66b+ cells (I) was visualized and quantified (n=53). Video 

3 illustrates conjugate analysis after whole mount staining, ultramicroscope image ac-

quisition and 3-D image reconstruction; color code indicates non-conjugated 

(red/green) or conjugated (violet, blue). Relative density of CD3 target cells as a func-

tion of the radial distance around CD66b subject cells was determined in tumor (J) and 

stroma (K). Here a relative cell density of 1 corresponds to a CSR distribution of cells. 

The data are indicative of a significantly increased clustering of CD3 cells around LOX-

1+ TAN. For (L) and (M) Kaplan-Meier survival curves for overall survival were plotted 

for LSCC patients (n=53) with the percentage of CD3 conjugated with CD66b+ Lox1+ 

cells above or below the median. Statistical significance was determined by Log-Rank regression analysis with the level of significance set at p ≤ 0.05. Cox multivariate regres-

sion analysis was performed by adding UICC-TNM stages and the percentage of CD3 

conjugated with CD66b+ Lox1 into a model. Differences in both tumor and stroma re-

gion remained significantly associated with OS (tumor: HR4.543, P=0.003, stroma: HR 

4.007, P=0.005, see supplementary tables 1-4 for details). 

and tumor regions, suggesting the possibility of T cell stimulation by this TAN subset (17). 

Evidence for in situ T cell suppressive activity was underscored by a more detailed anal-

ysis of CD66b+ subsets. As shown in figure 4d the density of LOX-1+ cells co-expressing 

either arginase or MPO strongly correlated with a reduced expression of Ki-67 and GrzB 

in T cells. Interestingly, this correlation was significantly stronger in the tumor region as  
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M2: Figure 4 Correlation of TAN phenotypes and TIL effector function 

Identification of TIL (CD3) was combined with GrzB (A) and Ki-67 (B) as surrogate 

markers for T cell functionality. Identification of TAN (CD66b) was combined with LOX-

1, Arginase I, MPO and HLA-DR. Density and relative percentage of Ki67 and GrzB ex-

pression in T cells was correlated with density and relative percentage of the various 

TAN subsets (C, D). Heat maps (C, D) show pairwise Pearson´s correlation coefficients 

of the density and percentage of different phenotype of TAN with total T cells, cytotoxic 

T cells and proliferating T cells in tumor and stroma, respectively. Color codes indicate 

positive (blue) or negative (red) correlation. Note the positive correlation of HLA-DR+ 

TAN with T cell effector function (blue color code). Strongest negative correlations are 

observed for CD66b+/ArgI+/Lox1+ and T cell effector function in the tumor core area. 

For (E) and (F) patients were divided into groups with relative percentage of LOX-1+ 

TAN above (high) or below (low) the median. Percentage of Ki67+ and GrzB+ T cells was 

determined in the mixed regions of tumor and stroma, respectively. Ki-67 n= 30 pa-

tients, GrzB n= 137 patients, t-test. 
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compared to stroma. Finally, we divided patients into two groups with LOX-1 expression 

either above or below the median and determined the level of Ki-67/GrzB expression in 

the mixed region of the tumor tissue (M2: Figure 4e, f). Consistent with previously ob-

served data, T cell effector function was higher in patients with low LOX-1 expression. 

Separate analysis of CD4 and CD8 T cells showed that proliferation of both T cell subsets 

was reduced, if the percentage of LOX-1+ TAN was high (M2: suppl. figure S3e and f). As 

expected, expression of GrzB was mainly restricted to CD8 cells and only smaller numbers 

of CD4 cells expressed this molecule (suppl. figure S3g and h). Of note, in the presence of 

higher frequencies of LOX-1+ TAN, GrzB expression in CD8 T cells was substantially re-

duced, and this reduction was more pronounced in the tumor region.  Altogether, these 

data suggest that LOX-1 could serve as a valuable surface marker to define CD66b+ cells 

with MDSC activity in human tumor tissues. 

It is tempting to speculate that direct contact or close proximity between CD66b+ cells 

with MDSC activity and T cells is required for the downregulation of T cell effector func-

tion. In order to test this hypothesis and further substantiate the modulation of T cells by 

CD66b+ cells in situ we employed four-color immunofluorescence (M2: Figure 5a-c) and 

compared the relative percentage of GrzB+ T cells, both conjugated and non-conjugated 

with CD66b+ cells. In both, 3-D (M2: Figure 5d and video 4) and 2-D analysis (M2: Figure 

5e) GrzB expression was significantly reduced, when T cells were engaged in conjugates 

with CD66b+ cells. This reduction of GrzB positivity was more pronounced in LOX-

1+/CD66b+ pairs compared to pairs with LOX-1- TAN (M2: Figure 5f) and was addition-

ally dependent on relative proximity between T cells and CD66b+ cells (M2: Figure 5g, h). 

If the distance between T cells and the CD66b subject cell reached 100 µm or above, GrzB 

expression was no longer influenced. Consistent with this finding we observed a higher 

expression of both Ki-67 and GrzB in tissue regions devoid of CD66b+ cells (T cell domi-

nated, suppl. figure S5a-d). In contrast, both T cell effector molecules were downregulated 

in regions of T cell to TAN/PMN-MDSC contact (M2: suppl. figure S5 b, d). A separate anal-

ysis of CD4 and CD8 T cell showed that Ki-67 expression of both T cell subsets was re-

duced, if they were in conjugation with CD66b+ cells (M2: suppl. figure S3i, j). In confir-

mation of total CD3 T cell data, conjugated CD8 cells had dramatically reduced GrzB ex-

pression, while the much lower expression of GrzB in CD4 cells was less strongly influ-

enced (M2: Supplementary Figure S3k, l).  
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M2: Figure 5 Conjugation and functional modulation of TIL by LOX-1+ TAN provides evi-

dence for PMN-MDSC activity in vivo 

Four-color immunofluorescence was performed to identify LOX-1+/CD66b+ cells and 

CD3+/GrzB+ cells. Representative stainings are shown for a mixed region (A), a T cell 

dominated region (B) and a neutrophil dominated region (C). The percentage of GrzB+ 

TIL conjugated or non-conjugated to CD66b+ cells (D, E) or conjugated to LOX-1+ or 

LOX-1- CD66b+ cells (F) in tumor and stroma are shown for 2-D cryosections (E, F; n= 

53 patients) or in 3-D whole mount stained tissue (D; n= 8 patients; video 4 illustrates 

a 3-D reconstruction of functional TIL modulation). The percentage of Grzb+ TIL was 

also plotted as a function of the radial distance around different CD66b subsets (G, H). 

The dashed lines indicate the mean percentage of GrzB-positivity for the total tissue 
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To finally test the clinical relevance of the TAN/PMN-MDSC-T cell interaction we com-

bined data on GrzB/CD3 expression with LOX-1/CD66b data and analyzed the correlation 

with patient follow-up (M2: Figure 5 i, j). Indeed, an extremely poor outcome was rec-

orded for patients with a low frequency of GrzB+ TIL in conjunction with a high frequency 

of LOX-1+ PMN-MDSC. Collectively, our data support the concept that tumor-associated 

CD66b+ cells downregulate T cell activity in situ. In agreement with a previous report, 

which suggested LOX-1 as a PMN-MDSC marker, our data support a higher in situ sup-

pressive capacity of LOX-1+ CD66b+ cells compared with LOX-1- cells. In addition, our 

data provide evidence that this MDSC activity of LOX1+ CD66b+ cells is more pronounced 

in the tumor core area compared with stromal regions of the tumor tissue. 

3.4.5. Discussion 

The impact of the tumor-infiltrating immune cells (the so-called TIME, tumor-immune 

microenvironment) on the progression of the disease and response to therapy is deter-

mined by complex spatial and functional interactions of these cells with other immune 

cells, but also with tumor cells and mesenchymal cells of the tumor stroma. Understand-

ing this interaction is important for optimization and further development of cancer im-

munotherapy. Recent techniques, such as high resolution single-cell RNA sequencing, Cy-

tometry by Time of Flight (CyTOF) and multi-parameter flow cytometry have added to 

this understanding by providing an unprecedented view of the composition and function 

of immune cells within the TME from bulk tissues. However, because of the nature of the 

datasets being used, these studies lack important information related to actual cellular 

proportions, cellular and tissue heterogeneity as well as deeper spatial distribution (24). 

area of all patients in the cohort. Kaplan-Meier survival curves for overall survival were 

plotted for LSCC patients (n=53) divided into groups according to density of LOX-1+ 

TAN and GrzB+ TIL being above or below the median. Statistical significance was deter-

mined by Log-Rank regression analysis with the level of significance set at p ≤ 0.05. Cox 
multivariate regression analysis was performed by adding UICC-TNM stages and the 

percentage of CD3 conjugated with CD66b+ Lox1 into a model. Low GrzB+ TIL and high 

LOX-1+ TAN remained significantly associated with OS (tumor: P=0.001, stroma: 

P=0.01).  
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Immune cells freshly isolated from tissue pieces for CyTOF or flow cytometry may origi-

nate from different regions of the tumor, including tumor core, stromal and necrotic areas 

and are thus not taking into account the spatial heterogeneity of the malignant tissue (18). 

Even contamination with circulating blood leukocytes is difficult to exclude, and tissue 

processing further influences the expression of surface molecules. At the same time, it has 

become evident that the spatial context of immune cells is critical for tumor development 

(2, 25). Carstens et al defined a 20-µm radius around the cancer cells as enhanced proba-

bility of cell–cell contact distance. They found that high infiltration of cytotoxic T cells 

within this radius of cytokeratin 8-positive cancer cells significantly correlated with pro-

longed patient survival (26), which indicates that cytotoxic T cells in the direct vicinity of 

cancer cells may have a more important biological function than more distant cells. Simi-

larly, in an oral squamous cell cancer study, the CD8+ T cell number at the tumor site had 

a greater effect on overall survival than stromal T cells (27). 

In our study, we have profiled a quantitative in situ two-dimensional and three-dimen-

sional tissue analysis that identifies intratumoral hot spots of immunosuppressive neu-

trophil activity. We found that the overall density of CD66b+ cells was higher in stroma 

compared to tumor core. Nevertheless, a profound prognostic relevance was observed for 

CD66b+ and CD66b+ Lox-1+ cell density in the tumor core area but not in the stromal 

zone. Importantly, the strongest negative correlations were found between arginase I and 

LOX-1 expressing TAN and proliferating and cytotoxic T cells in the tumor core. These 

data suggest a higher pathophysiological relevance of TAN-TIL interactions in the tumor 

core area. We believe that this has important implications for understanding TAN biology, 

as in most studies that isolate TAN from bulk tissue pieces, the isolated cell suspension is 

dominated by neutrophils from mesenchymal stromal regions, which appear to have a 

weaker modulation of T cell effector function. 

Recent studies in murine tumor models and cancer patients provided evidence for an 

important functional role of PMN or PMN-MDSC during tumor progression (16, 28, 29). 

These studies suggested that TAN might, at least in part, mediate the effects on disease 

outcome via the regulation of T cell activity. The absence of TAN correlates with increased 

tumor infiltration and function of activated T cells and led to a T cell–dependent suppres-

sion of tumor growth in pancreatic tumors (30). In contrast, HLADR+ TAN, which origi-
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nate from immature progenitors, could stimulate and facilitate T cell responses (17). Sup-

porting such a concept, we indeed found positive correlations between HLA-DR express-

ing TAN and proliferating and cytotoxic T cells in tumor.  

Although published studies suggest that TAN with T cell suppressive function (i.e. 

PMN-MDSC) exist in human tumor tissue, until now, no evidence for such a T cell modu-

latory interaction of TAN and TIL in situ existed. Tissue section analyses provide the spa-

tial context of single cell interactions within the cancer-microenvironment. Such spatial 

data has already aided our identification of clinically relevant features that are more pow-

erful than simple cell counts. For example, it was reported that Tregs more proximal to 

CD8+ T cells are more effective at suppressing anticancer function (27). These and similar 

studies prompted us to investigate the clustering and expression of functional molecules 

in T cells and neutrophils in HNC patients with single cell resolution. We used GrzB as a 

marker of cytotoxic activity and Ki-67 to mark proliferating T cells. While GrzB expression 

is necessary to demonstrate killing activity, relocalization and mobilization of cytotoxic 

granules towards the target cells would be required to unequivocally show the active kill-

ing process itself (31). However, such studies are mainly limited to in vitro settings and 

are not feasible in larger series of tissue samples of human tumors. Phosphorylation 

downstream of T cell receptor signaling is another means to monitor T cell activity and 

also often used in vitro (32). Again, these events are difficult to assess and quantify in 

larger series of human tissue samples because of their very transient and time-dependent 

nature. 

Our spatial analyses suggested that clustering effects of TAN and T cells take place in a radius below 100 μm. This range was therefore used for a more rigorous evaluation of 
clustering behavior. The relative CD3 density was significantly higher within the distance 

of 25 µm to LOX1+ TAN compared to LOX1- TAN in tumor, which indicates that LOX1+ TAN have a stronger ‘local’ clustering capacity. However, the significance disappeared 
with increasing distance, which may indicate that T cell inhibition by LOX1+ TAN is only 

functional in close proximity, similar to mechanisms described before for Tregs. It is cur-

rently unclear, whether this requires direct physical interaction or whether close apposi-

tion within diffusive reach of inhibitory molecules is sufficient. Nevertheless, the lack of 

significant functional difference between LOX1+ TAN and LOX1- TAN in stroma may indi-

cate that localization of LOX1+ TAN within the tumor area may affect their function.  
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LOX-1 is a class E scavenger receptor that is expressed in macrophages and chondro-

cytes, as well as in endothelial and smooth muscle cells (33). In our study and in a smaller 

cohort of 10 patients with HNC and NSCLC (15) a high variance of LOX-1-positivity in TAN 

was observed.  Since LOX-1 is only expressed in a small proportion of circulating neutro-

phils (15) upregulation of the molecule is expected to take place in the tumor microenvi-

ronment. While the full mechanisms of LOX-1 plasticity still have to be elucidated, induc-

tion of ER-stress has been suggested to be involved (15, 34). LOX-1+ PMN-MDSC also 

show elevated production of reactive oxygen species (ROS) and arginase I (15), both of 

which are suggested as major mechanisms of T cell suppression. We also found a high 

density of LOX-1+ arginase-I+ TAN, and their presence was most strongly correlated with 

a reduced expression of cytotoxic GrzB and the proliferation marker Ki67 in closely lo-

cated T cells. Finally, patients with concomitant high density of LOX-1+ TAN and low den-

sity of GrzB+ TIL showed extremely poor survival re-affirming a strong tumor promoting 

and T cell suppressive function for LOX-1+ TAN. 

In our study, whole tissue sections were imaged using an automated microscope op-

erating in tiling mode, followed by automated detection and quantification of CD66b+ cell 

and TIL in the whole slide images. Despite significant variation in tumor morphology and 

staining conditions, target structures could be automatically identified resulting in in-

creased objectivity and reproducibility of the analysis. 

However, for many approaches a histological three-dimensional imaging of the entire 

organ is essential to gain a deep understanding of tissue morphology and physiological 

processes, as well allowing us to address questions that are inaccessible by two-dimen-

sional methods. Therefore, we employed a nondestructive imaging technique for whole 

organ imaging with precise qualitative and quantitative analysis of functional structures 

in their natural spatial context (35). A striking heterogeneous distribution of TAN and TIL 

was noted in 2D tumor sections and in intact 3D tissue architecture. However, only the 3D 

analysis revealed the existence of TAN dominated, T cell dominated (T cell inflamed) and 

mixed regions. Mixed regions were the most frequent areas observed and may also be the 

regions for the interaction of CD66b+ cells with T cells. Importantly, the frequency of 

GrzB+ TIL and Ki67+ was higher in T cell rich regions compared to the other two regions, 

in which TAN were present. Depleting or “re-educating” immunosuppressive myeloid populations has proven to 
be effective at eliciting antitumor T-cell responses (36-38). In a genetically engineered 
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pancreatic ductal adenocarcinoma model, the systemic depletion of Gr1+ myeloid cells 

could increase the infiltration of effector T cells and inhibit tumor growth (39). Host 

CXCR2 inhibition by genetic ablation prevented neutrophil accumulation in pancreatic tu-

mors and led to a T cell–dependent suppression of tumor growth (30). Therefore, inhib-

iting neutrophil migration into the tumor may be therapeutic in HNC. However, this is a 

potentially harmful therapy, as the systemic depletion or inhibition of neutrophils bears 

the risk of secondary infections. Since we have shown that LOX-1+ TAN have a strong tu-

mor promoting and T cell suppressive function, we propose, that specifically LOX-1+ TAN 

are a promising therapeutic targets. 

Interestingly, whole mount tissue staining also enabled us to assess the density of both 

cell populations with relative distance to the tumor margin, representing a high-resolu-

tion map of tumor infiltrating cells. The highest T cell density was reached within 20 µm 

off the tumor margin to both sides, and a significant decrease of T cell density in the region 

of 20–50 µm, followed by a slighter decrease with relative distance from the tumor margin 

was observed. A similar distribution pattern was noted for CD66b+ cells inside the tumor 

region, although increased cellular densities were noted in the tumor core area beyond 

200 µm from tumor margin. On the contrary, T cell density was the lowest in the tumor 

core, which may indicate spatial immunosuppression by CD66b+ cells. 

In summary, we present here for the first-time detailed data on the local spatial distri-

bution and potential functional interaction of CD66b+ cells and T cells in the microenvi-ronment of a solid tumor. Based on these data “mixed” areas in the tumor core region are 
especially important hot spots of interaction with high clinical relevance. In addition, we 

provide the first experimental evidence for a potential downregulation of T cell effector 

function by LOX-1+ TAN in situ. Our findings suggest that a combination immunotherapy, 

which concomitantly prevents TAN influx and augments T cell effector function, can be 

beneficial in head and neck cancer and possibly also in other cancers with a similar TAN-

TIL profile. 

3.4.6. Material and methods 

STUDY DESIGN 
It was the aim of this study to obtain evidence for the existence, the phenotype, the local-
ization and the potential clinical relevance of PMN-MDSC in human cancer tissue.  To this 
end, patients with primary HNC and no prior radio- or chemotherapy were included. In-
clusion was based on i) tumor type (LSCC or OSCC), ii) provision of informed consent, iii) 



Manuscripts – #2 – Multi-dimensional imaging provides evidence of … - Science Immunology 2019 

 

100 

availability and quality of obtained tissue, iv) availability of clinical record and follow-up 
data. Survival data were obtained in a retrospective manner and overall survival was cho-
sen as the primary endpoint. Pseudonymization was applied and during experimentation 
and data analysis the primary investigator had no access to patient identities. Because of 
the retrospective and observational nature no prior sample size calculation was per-
formed. Multi-color immunofluorescence was applied on tumor samples after prior es-
tablishment of methods and antibody panels on tonsillar tissue.  
STUDY SUBJECTS AND COLLECTION OF TISSUE 
Tumor tissues from patients with HNC were collected during routine surgery. Patients 
with prior radiotherapy or chemotherapy, synchronous carcinoma in another location or 
severe concomitant systemic infectious disease were excluded. UICC/AJCC TNM 7th edi-
tion was used to determine HNC stage. Only material from patients with histopathologi-
cally proven HNC was included. Treatment strategies (surgery alone, surgery combined 
by adjuvant radiotherapy or radiochemotherapy, primary radiochemotherapy) were de-
veloped by the multidisciplinary tumor board for head and neck cancers, and treatments 
were conducted according to state-of-the art technique and guidelines in place at the West 
German Cancer Center. Analysis of tissues was approved by the institutional review board 
of the Medical faculty of the University Duisburg-Essen and written informed consent was 
obtained from all patients. In total, material from 74 patients with SCC of the larynx (LSCC) 
[14 females, 60 males; ages 37-75 years (median 59 years)] and from 112 patients with 
SCC of the oropharynx (OSCC) [40 females, 72 males; ages 41-78 years (median 61 years) 
was used in this exploratory and observational study. Survival analysis was performed on 
patients with a minimum of 36-month follow up. 
 
FLOW CYTOMETRIC ANALYSIS OF TUMOR INFILTRATING CELLS 
Unfixed, fresh tumor tissue was digested for 45min with 200µg/mL Dispase (Roche Ap-
plied Science, Mannheim, Germany), 200µg/mL Collagen IV and 10µg/mL DNase (both 
Sigma-Aldrich, Taufkirchen, Germany). Subsequently, digested samples were stained 
with antibodies CD45 VioGreen (clone 5B1, Miltenyi Biotec, Bergisch Gladbach, Germany) 
CD66b FITC (clone 80H3, Beckman Coulter, Krefeld, Germany), HLA-DR APC (clone G46-
6), CD14 APC-Cy7 (clone MphiP9), CD16 PE-Cy7 (clone 3G8), CD11b APC-Cy7 (clone 
Mac1, all BD Bioscience , Heidelberg, Germany), CD10 APC (clone HI10a) and LOX-1 PE 
(clone 15C4, both BioLegend, Koblenz, Germany),  followed by a live/dead staining using the fixable viability dye eFluor™ 506 (eBioscience™/ Thermofisher scientific, Darmstadt, 
Germany). For staining with anti-Arginase I APC (polyclonal sheep, Biotechne, Wiesba-
den, Germany) cells were fixed and permeabilized with BD Cytofix/Cytoperm Solution Kit. 
Stained cells were analyzed with BD FACS Canto II using DIVA 8.01 software (BD Biosci-
ence) or FlowJo10 (LLC, Ashland, Oregon, USA). 
 
WHOLE SLIDE IMMUNOFLUORESCENCE STAINING AND IMAGE ACQUISITION 
Surgical material was embedded in Tissue-Tek® O.C.T.™Compound (Sakura Finetek , 
Staufen, Germany), frozen in liquid nitrogen and stored at -80℃ until use .  
For fluorescence staining, 5 µm tissue sections were fixed with Cytofix/Cytoperm (BD Bi-
osciences), incubated with the primary antibody overnight at 4°C, followed by secondary 
antibody. Cell nuclei were stained with DAPI. Combinations of cell detection antibodies as 
well as reagents used for immunofluorescence analysis are listed in supplementary meth-
ods. 
After staining multichannel images were acquired on an sCMOS camera (Hamamatsu Orca 
Flash, 16 bit 4.2 Mp) using an automated Zeiss AxioObserver microscope equipped with 
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an Apotome for optical sectioning, motorized stage, Colibri LED excitation source (excita-
tion lines: 365nm, 470nm, 555nm and 625nm), and optical filter blocks for the fluorescent 
labels, DAPI or Alexa 405 (EX G365, BS 395, EM 445/50), FITC (EX 470/40, BS 495, EM 
525/50), Alexa 546 (EX 545/25, BS 570, EM 605/70) and Alexa 647 (EX 640/30, BS 660, 
EM 690/50). All images were acquired using a Carl Zeiss 20X/0.8 NA plan-apochromat 
objective. For the imaging of whole tissue sections, the microscope was operated in tiling 
mode, otherwise individual images were acquired in selected regions containing both la-
belled T cells and neutrophils. Typically, 10 to 20 images were randomly acquired from 
each patient tissue section. 
 
TISSUE IMAGE SEGMENTATION AND CELL CLASSIFICATION 
Using Definiens Tissue Studio® image analysis software (Definiens, Munich, Germany), 
the multichannel images acquired from whole tissue sections were automatically seg-
mented into tissue regions and cell label classes were identified. Based on cell morphology 
and pan-cytokeratin staining, the software was trained to initially segment the tissue into 
4 tissue classes designated tumor, stroma, necrosis/lumen and background. DAPI staining 
together with cell detection antibodies were used for nuclei segmentation and cell seg-
mentation and subsequent cell identification. 
 
SPATIAL MAPPING OF CELLS 
Following the Tissue Studio batch processing of all patient tissue samples, a csv file con-
taining the patient ID, tissue class, cell label class, cell coordinates, and co-expression pa-
rameters for all segmented cells was exported and used in subsequent spatial point pat-
tern analysis. For the analysis of cellular spatial distributions, Spatstat, a R package for 
spatial point pattern analysis (www.spatstat.org), was used together with an imageJ 
script for masking tumor and stroma regions.   
In general, spatial point patterns for the data were normalized to a corresponding model 
simulating a Complete Spatial Random (CSR) distribution of cells. Further methodological 
details on the CSR model, cell cluster analysis and nearest neighbor analysis are provided 
in supplementary methods.  
 
TISSUE CLEARING AND WHOLE-MOUNT STAINING 
The clearing of whole HNC tumor tissue was performed according to Klingberg et al. (20) 
with some modifications for whole mount labelling. In brief, fresh tumor tissue was first fixed with 4% PFA in PBS at 4℃ for 4 hours or overnight, dependent on the tumor size 
(>1cm3 overnight). All incubations were performed under constant agitation. The tissue 
was then washed with PBS and permeabilized by incubation in 20% DMSO, 1% TritonX-
100, 2.3% glycine in PBS, for 5 days at room temperature. This was followed by blocking 
with wash-buffer supplemented with 5% normal goat serum (Dianova, Hamburg, Ger-
many) and 10µg/ml sodium-heparin (Ratiopharm, Ulm, Germany), for 1 day at 37°C. 
Whole tissue samples were then incubated with rabbit anti-human LOX-1 or mouse anti-
human Granzyme B at 37°C for 5 days, followed by 4 times 6 hours washing. Incubation 
with secondary antibodies being either donkey anti-rabbit or donkey anti-mouse, both 
coupled to Alexa-Flour 546, was performed at 37°C for 3 days. The tissue samples were 
again washed, as described above, and incubated for 5 days at 37°C with mouse anti-hu-
man CD3 Alexa-Flour 647 (BioLegend; Koblenz, Germany) and self-conjugated mouse 
anti-human CD66b (Beckmann Coulter, Krefeld, Germany) Alexa-Flour 790. Fluorophore 
conjugation was carried out using an Alexa Fluor 790 antibody labeling kit (A20189, 
Thermo Fisher, Darmstadt, Germany), following the providers instructions. Afterwards 



Manuscripts – #2 – Multi-dimensional imaging provides evidence of … - Science Immunology 2019 

 

102 

the tissue samples were washed, dehydrated in a graded ethanol series of 50%, and 70% 
for 4hours, followed by two further 100% incubations, performed overnight and for 4 hrs 
respectively. Finally, the samples were cleared by incubation in ECi for 1 day.  
 
IMAGE ACQUISITION AND DATA PROCESSING FOR 3-D TISSUE ANALYSIS  
Cleared whole mount stained tumor samples were imaged using a light sheet ultramicro-
scope (LaVision BioTec Bielefeld, Germany) and multichannel images were acquired for 
each of the following antigens and fluorescent labels: Lox-1 Alexa 546 , Granzyme B Alexa 
546, CD3 Alexa 647 and CD66b Alexa 790. Image stacks were acquired on the Ultramicro-
scope at a magnification of 6.4 X (pixel resolution 1.0156 microns) using a z-stepping size 
of 2 microns and employing the dynamic focus function. The 3D rendering of images and 
subsequent analysis were then performed using Imaris 9.1.2 software (Bitplane, Switzer-
land). To this end the manual tracing wizard was used to determine the surface and vol-
ume of the total tissue, tumor area and stroma area. After background subtraction the absolute number and 3D location of each cell type were obtained using Imaris ‘Spots’ ob-
jects and the ‘split into surface’ Spots tool. Events double positive for two signals were 
obtained using the Spots co-localization tool. Spot objects from cells of the same type were 
defined as co-localized, if they were within 8 µm distance of each other. Spot objects of 
different cell types were defined as conjugated for a separation distance less than 15 µm. 
In order to identify the distribution patterns of neutrophils and T cells at different dis-
tances from, both inside and outside of the tumor margin, new surface objects were cre-
ated, whose surfaces were respectively set to the distances 20, 50, 100, and 200 µm from the tumor surface in both directions (tumor and stroma). Then using the “split into sur-face” Spots tool, the cell density within the volume of each new surface could be derived.  
 
STATISTICAL METHODS 
Data were analyzed using GraphPad Prism software. Statistical significance of immuno-histochemically quantifications were assessed with Student’s t-test, paired t-test or anal-
ysis of variance, as appropriate. For the correlation analyses between different phenotype of TAN and T cell distributions, the Pearson’s correlation coefficient (r) was calculated. 
Clinical data were analyzed with the SPSS statistical software version 22. The immune 
staining results were then correlated with clinical data using univariate and multivariate 
Cox regression analysis with UICC tumor stage and p16 immunohistochemistry as the 
confounding factors. Kaplan-Meier survival curves for overall survival were plotted and 
statistical significance was determined by Log-Rank regression analysis with the level of significance set at p ≤ 0.05. * indicates p<0.05, ** indicates p<0.005, *** indicates 
p<0.0005. 
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3.5. Interlude II 

In manuscript 2, we learned how assessing distribution patterns of multiple cellular 

components of the immune system in 3-D in a tumor environment can generate insights 

into tumor biology and cell-cell interactions. In the future, other methods need to be ap-

plied to investigate the mechanisms crucial for TAN-dependent downregulation of cyto-

toxic T cell function. However, for obtaining an organ wide overview of the immune cells 

and their cellular microenvironment throughout the tumor, LSFM was decisive.  

Study of a primary tumor may also contribute to patient staging, prognosis and access 

to different treatment options141. Another important feature of tumor biology is the ability 

to form mobile, independent clusters of tumors that can spread throughout the host, a 

process called metastasis. For therapy success and ultimately patient survival, it is vital to 

determine whether the tumor is still local, or if it already invaded nearby tissue or even-

tually other organs as well. To do that, whole-body scans using e.g. positron emission to-

mography (PET) are useful but lack the resolution to discover tumor clusters smaller than 

1 mm181. Some cancers, like melanoma, are known to metastasize primarily into the re-

gional draining lymph nodes before spreading systemically via the blood141. Therefore, 

the so-called sentinel lymph node is determined and excised during operation. However, 

subsequent routine 2-D slice based histopathological analysis is prone to errors due to 

the vast 3-D space in a human lymph node with diameters ranging from multiple millime-

ters to centimeters. Furthermore, not only the status of “metastases – yes or no”, but also 
the total metastatic load plays a role in tumor specific survival141. In the clinical environ-

ment currently no methods exist to 3-D quantify the real tumor burden or analyze multi-

focal location patterns, a problem being highlighted by van Akkooi et al182. Additionally, 

Dewar et al. reported that the location of melanoma metastases within the SLN (subcap-

sular vs. elsewhere) correlated with additional node metastases183. Whether the tumor’s 

location within the 3-D architecture of the SLN, like proximity to blood vessels, or its in-

teraction with the local immune system hold any more information or have an impact on 

disease progression is currently unknown. Reporting microanatomic locations based on 

2-D histopathology is difficult and should only occur for the entire SLN184. 

Therefore, in the following unpublished manuscript submitted November 2019, we 

investigated the application of the above developed LSFM protocols in clinical diagnostics 
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and patient staging. We report exact tumor volumes in human lymph nodes and report 

features of the surrounding lymph architecture, e.g. size and amount of B cell follicles and 

germinal centers per cubic millimeter of lymph tissue. Furthermore, LSFM analysis iden-

tified metastases, that would have been missed entirely by routine gold standard histo-

pathological procedure alone. 

3.5.1. Media and License info manuscript #3 

This manuscript is currently unpublished. Therefore, no license is required. In order to 

reduce obstacles in the publishing process, please keep contained information confiden-

tial. Supplementary material concerning manuscript#3 is attached (6.1.1., p.169). An elec-

tronic version of main article, supplementary tables, figures, videos, and required legends 

are also provided with the attached CD at the end of this thesis and under a Sciebo repos-

itory. Provided a QR code and hyperlink may be subject to change beyond the reviewing 

phase of this thesis. Download of the files might be required. 

[provider: Sciebo, Password: MerzThesis] 

 

 

  

 

Supplenmentary information 

https://uni-duisburg-essen.sciebo.de/s/fK0aniCMtQnY1Yv
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3.5.2. Author contributions manuscript#3 

Author contributions of Simon F. Merz for the submitted manuscript 

Identification and quantification of hidden melanoma metastases in human sentinel 

lymph nodes using light sheet fluorescence microscopy 

Conception: 

1. Design of the overall workflow          50% 

2. Design of the clearing protocol          80% 

3. Data management plan            90% 

Experimental work – protocol development 

1. Patient acquisition/surgery     0        0% 

2. Development of protocol & staining strategy      75% 

3. Sample processing             75% 

4. Data acquisition via LSFM           95% 

Experimental work – study  

1. Patient acquisition/surgery     0        0% 

2. Sample processing             20% 

3. Data acquisition via LSFM           95% 

Data analysis 

1. Conceptions of what to analyze how        90% 

2. IMARIS (3-D) tracing and segmentation      75% 

3. ImageJ               100% 

4. Statistics                50% 

Manuscript 

1. Concept and initial draft            75% 

2. Figure preparation              95% 

3. Main Text                50% 

4. Supplement preparation (Figure legends, Videos, …)    90% 

 
  

Simon F. Merz Prof. Matthias Gunzer 
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3.6. M#3: Identification and quantification of hidden melanoma me-

tastases in human sentinel lymph nodes using light sheet fluo-

rescence microscopy 

Unpublished manuscript. Currently (11.2019) submitted to Journal of Clinical Oncology 
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3.6.2. Abstract  

Many cancer guidelines include sentinel lymph node (SLN) staging to identify micro-

scopic metastatic disease. Current SLN analysis of melanoma patients is effective but has 

the substantial drawback that only a small portion of the node is sampled, while the ma-

jority of the tissue is discarded. This might explain the high false-negative rate of current 

SLN diagnosis in melanoma. We developed an algorithm-enhanced light sheet fluores-

cence microscopy (LSFM) approach to three-dimensionally reconstruct the entire SLN 

with single-cell resolution. We comprehensively quantify total tumor volume while sim-

ultaneously visualizing cellular and anatomical hallmarks of the associated SLN architec-

ture. In a first-in-human prospective study (21 SLN from 11 melanoma patients), LSFM 

not only identified all metastases seen histologically but additionally detected metastases 

not recognized by routine histology. This led to additional therapeutic options for one pa-

tient. Our 3-D digital pathology approach can increase sensitivity and accuracy of SLN-

metastases detection and potentially alleviate the need for conventional histopathological 

assessment in the future. 

3.6.3. Introduction 

According to the World Health Organization, the incidence of melanoma is increasing 

faster than any other major cancer worldwide. In the United States, melanoma is the fifth 

most common cancer, posing a substantial health and economic burden1. Melanoma me-

tastasizes early into regional lymph nodes2. Patient prognosis and survival can be reliably 

assessed via the sentinel lymph node (SLN) histological status3,4, which is why SLN exci-

sion (SLNE) is a diagnostic procedure recommended by the American Joint Committee on 

Cancer (AJCC). Current AJCC guidelines emphasize that SLN containing a single malignant 

melanocyte are defined as a positive, metastatic SLN5. 

Conventional histology of 2-D tissue sections is the currently used gold standard for 

SLN staging. This approach assesses only a few representative slices of the node, discard-

ing the majority of the tissue6. This might be one reason why the reported clinical false-

negative rates of SLN diagnosis are high (9 to 44%)7. Reliably detecting very few to single 

metastasizing melanoma cells within the large 3-D volume of an entire lymph node re-

mains a challenge not adequately addressed to date. Aside from the total number of tumor 
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cells, their position relative to landmark structures within the SLN has also been found to 

be of prognostic value. Tumor cells positioned in proximity to or breaking through the 

node capsule are indicative of higher invasive potential and worse prognosis8-11. The rel-

evance of other LN structures e.g. B cell follicles, T cell zones or efferent lymphatic vessels 

for progression of melanoma metastasis remains to be explored in detail. 

Despite this knowledge, currently no histological approach exists that would allow an-

alyzing the entire SLN volume in a routine setting. While complete sectioning/analysis of 

the entire SLN is theoretically possible, the time and cost involved prohibit routine appli-

cation. Not reliably detecting single or isolated tumor cells in the SLN is a considerable 

short-coming of current histology protocols, as recent data demonstrate these deposits 

affect long-term prognosis of melanoma patients12-14. Determining the exact size of meta-

static deposits is critical as melanoma-specific survival is reduced with increasing SLN 

tumor burden5 and microscopic SLN tumor load is a stratification factor for adjuvant 

treatment15,16. These findings highlight the unmet need for a method capable of determin-

ing exact tumor volume and location within a SLN.  

We and others recently developed clearing techniques to generate optically transpar-

ent samples from many different soft and hard tissues of experimental animals17,18 with 

subsequent rapid 3-D reconstruction at cellular resolution using light-sheet fluorescence 

microscopy (LSFM)19,20. Recent advances enable the imaging of strongly autofluorescent 

tissue21, a highly relevant improvement for skin draining SLN containing pigmented cells. 

So far, this was an unsolved problem in assessing diagnostically relevant pigmented hu-

man samples22. 

Here, we present a method making the entire volume of human SLN amenable to 3-D 

histological inspection at cellular resolution using optical clearing and immunofluores-

cence-based LSFM. Our workflow enables whole-mount staining and subsequent identifi-

cation of anatomical hallmarks of human skin draining LN (capsule, vascularization, im-

mune cells) with embedded pigmented melanoma cells. We demonstrate that algorithm-

enhanced LSFM provides a browsable histo-like optical slice library for fast and reliable 

SLN status determination and tumor environment assessment. Antigen integrity was 

maintained and our approach was compatible with successive routine FFPE (formalin-

fixed, paraffin-embedded) histological assessment. Hence, LSFM results could be corre-

lated with the current gold standard of SLN analysis. As LSFM detected metastases not 
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found by classical histology, our approach represents a first step towards 3-D digital pa-

thology of clinical samples. 

3.6.4. Results 

3.6.4.1. Whole mount staining, tissue clearing and LSFM analysis of human SLN 

and cutaneous melanoma metastases 

To make lymph nodes (LN) amenable for 3-D LSFM analysis, the tissue must be opti-

cally transparent. We achieved this by modifying a previously described ethyl cinnamate 

(ECi)-based tissue-clearing protocol17,21. A peroxide bleaching step was used to attenuate 

endogenous autofluorescence and destroy pigments (especially hemoglobin and melanin) 

that otherwise introduce imaging artefacts. Tissue autofluorescence then enabled visual-

izing anatomical LN structures. However, we found the display and interpretation of raw 

LSFM data difficult, especially with the very heterogeneous autofluorescence signals of fat 

(dark), LN stroma (medium bright) and extremely bright erythrocytes in vessels or tissue 

(from hemorrhage). The high variance of signal brightness in unprocessed data did not 

allow all entities to be displayed simultaneously in a single image. Therefore, we devel-

oped RAYhance, a multiscale contrast compression algorithm, to display LSFM data as a 

browsable histo-like stack, similar to 2-D FFPE sections (M3: Supplementary Fig. 1). Fol-

lowing RAYhance processing we could distinguish fatty tissue and the LN capsule from 

residual LN structures in optical slices simultaneously. Blood vessels were identified by 

means of erythrocyte enrichment. (M3: Fig. 1a, M3: Supplementary Fig. 1). Autofluores-

cence was also sufficient to reconstruct an entire LN in 3-D, revealing a complex surface 

architecture (M3: Fig. 1b, M3: Supplementary Video 1).  

To confirm the cellular composition of prominent structural features we established 

immunofluorescent stainings. Therefore, we adapted previously described whole-mount 

labeling procedures of murine brain28 and human embryonic tissues29. CD3-expression 

revealed the T cell zone and germinal centers within the presumed autofluorescence-dim 

B cell follicles (M3: Fig. 1c). However, simultaneous visualization of the T cell zone with 

thousands of cells compared to single cells in the germinal centers or surrounding B cell 

follicles was only possible using RAYhance-processed optical slices  
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M3: Figure 1 Anatomical and cellular patterns in a human lymph node (LN). 
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(M3: Supplementary Fig. 2). CD19 expression confirmed B cell enrichment in the auto-

fluorescence dim and T cell poor regions (M3: Fig. 1d). In summary, autofluorescence 

combined with fluorescent immune cell staining was sufficient to portray the overall an-

atomical structure and major cellular distribution patterns of human LNs (M3: Fig. 1).  

Next, we used anti-Melan-A staining, a routinely employed melanocytic marker, to vis-

ualize possible metastases within the LN architecture. This approach enabled 3-D quanti-

fication of the total volume of Melan-A positive structures and simultaneously demon-

strated the interplay of immune cells with Melan-A-expressing elements (M3: Fig. 1e). 

Here, RAYhance processing permitted the display of single CD3 and Melan-A positive cells 

(M3: Supplementary Video 2, 3). 

3.6.4.2. LSFM analysis is compatible with subsequent routine histology 

To exclude that the bleaching, whole-mount and clearing procedure has an impact on 

the histopathological appearance of human tissue and melanoma markers, we took biop-

(a) Anatomical features of a human LN including position of the capsule, blood vessels or fatty tissue can be derived from the tissue’s autofluorescence signal alone. These fea-
tures are highlighted (red arrows) in the algorithm-enhanced optical LSFM overview 

slice (left) and the region of interest (ROI, white rectangle; also see M3: Supplementary 

Figure 1). (b) Macroscopic images and a 3-D reconstruction of the same human LN 

based on autofluorescence (M3: Supplementary Video 1). In order to reveal cellular pat-

terns within a human LN, we applied whole-mount staining prior to clearing. Again, us-

ing autofluorescence (gray) alone, follicles (F) and even germinal centers (GC) could be 

identified. This was confirmed by visualizing anti-CD3 staining (T cells, c) and anti-

CD19 staining (B cells, d). On the right side of each row of LSFM optical slices is a 3-D 

reconstruction of the data set. (e) A melanoma metastasis in a human lymph node re-

vealed by anti-Melan-A staining (green). Anatomical and cellular patterns can be as-

sessed using autofluorescence (cyan) and T cells (magenta), respectively. Region of in-

terest (bottom row) shows Melan-A positive cells surrounded by T cells in close prox-

imity to the capsule (M3: Supplementary Video 2). Scale bar values in µm, squares in 

macroscopic images 2x2 mm. All optical slices are RAYhance-processed. 
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sies of the same sample after simple fixation (routine protocol), bleaching and LSFM im-

aging, respectively. Routine formalin-fixed paraffin-embedded (FFPE) stainings and im-

munohistochemistry (IHC) were performed on all samples. Importantly, we detected no 

discernible impact of previous LSFM analyses on the cellular morphology (hematoxy-

lin/eosin staining) or on the staining quality and distribution of the histopathologically 

relevant melanoma markers Melan-A and S100 in clinical grade FFPE sections (M3: Sup-

plementary Fig. 3). Thus, our approach allows an intra-sample comparison of findings in 

both, LSFM and subsequent gold standard FFPE histopathological analysis. 

3.6.4.3. Integrating LSFM in the routine histopathological analysis of human mela-

noma SLN 

The fact that LSFM analysis did not interfere with classical FFPE analysis allowed us 

to benchmark the performance of our approach against the routine clinical procedure to 

analyze SLN of melanoma patients. The goal was to evaluate the applicability of LSFM in 

diagnostically relevant human tissue. We aimed to test the sensitivity and specificity of 

LSFM to detect melanoma metastases in SLN. According to the current gold standard, SLN 

are post-surgically processed for FFPE histopathological analysis of individual repre-

sentative tissue slices. Hence, resected SLNs were first analyzed by LSFM and then rou-

tinely processed for ensuing histopathology (M3: Fig. 2). Of note, during routine slicing of 

paraffin blocks, gap sections (300 µm – 600 µm) between the relevant FFPE tissue slices 

are typically discarded and no longer available for later analysis. In contrast, all LSFM 

samples, once paraffinized, were sequentially cut and non-relevant slices were stored al-

lowing correlation of all possible unique LSFM findings with follow-up histology after-

wards (M3: Fig. 2). 

With the staining procedure and panel established, we implemented a prospective 

study assessing the metastatic status of SLN. In total, 21 SLNs of 11 melanoma patients 

(M3: Supplementary Table 1) were analyzed without prior selection of their location or 

size (M3: Supplementary Table 2). We cut several SLNs into smaller pieces to i) reduce 

the processing time before subsequent obligatory histopathological analysis and mini-

mize the delay of patient diagnosis, ii) ensure robust and complete whole mount staining 

within an acceptable time frame, iii) reduce imaging artifacts from remaining pigmenta-

tion. We determined that LSFM sensitivity compared to the gold standard was  
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M3: Figure 2 Light sheet fluorescence microscopy (LSFM) in melanoma diagnostics. 

Incorporation of LSFM analysis (right yellow column) into the routine clinical diagnos-

tics process to analyze human sentinel lymph nodes of melanoma patients (left col-

umn). Lymphoscintigraphy with radioactive technetium (99mTc) allows the determina-
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100% and the false negative rate was zero (M3: Supplementary Table 2). Importantly, 

LSFM was able to identify a metastasis that was not found in the initial routine histopatho-

logical assessment (see below). 

3.6.4.4. Diagnosis of a capsular nevus in LSFM and histology 

In a 1.7 x 1 cm large axillar LN (patient #4), blood residues and pigmentation were 

successfully bleached before LSFM analysis (M3: Fig. 3a). Three pieces of the node were 

found positive for intra-capsular Melan-A positive cells and hence suspected to contain a 

metastasis (M3: Fig. 3b,c). LSFM overview scanning revealed Melan-A positive signals 

within the LN, while T cell structures remained unperturbed (M3: Fig. 3b, M3: Supple-

mentary Video 4). However, some Melan-A staining artifacts were also encountered. Most 

prominent was an unspecific accumulation, not correlating with follow-up FFPE IHC, of 

anti-Melan-A signal at sites of physical manipulation (cutting-edge artifact, CEA, M3: Sup-

plementary Fig. 4). In contrast, a discernible Melan-A background staining was observed 

by both LSFM and FFPE in fatty tissue (fat artifact, FA in M3: Fig. 3b). Higher magnification 

LSFM of regions of interest (ROI) showed that i) the localization of the Melan-A positive 

tion of the local draining lymph node (sentinel lymph node, SLN) of the primary mela-

noma area. The SLN is excised and post-surgically fixed using formaldehyde (4% PFA). 

In the fixed state, the SLN is routinely paraffin embedded and sliced for hematoxy-

lin/eosin (HE) staining and immunohistochemistry (IHC). Here, only few representa-

tive slices are analyzed for melanoma metastases per sample. To analyze the whole SLN 

tissue, LSFM analysis was executed after sample fixation with 4% PFA and before per-

forming gold standard histopathological analysis. The SLN was prepared for LSFM anal-

ysis using tissue permeabilization, autofluorescence attenuation, whole-mount IHC and 

tissue clearing by ethyl cinnamate (ECi). Obtained volumetric LSFM data can be algo-

rithm-enhanced and 3-D-segmented for exact volume quantification. After imaging, 

samples were declarified and transferred back to routine processing. Note that lymph 

node tissue between the relevant paraffin slices for histopathological analysis (gap sec-

tions) are routinely discarded and cannot be considered for SLN status determination. 

However, in order to validate LSFM findings throughout the entire sample, gap sections 

were sequentially sliced and stored to allow for follow-up formalin-fixed paraffin-em-

bedded (FFPE) analysis. Squares in the macroscopic LN images are 1x1 mm. 
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cells was intracapsular, ii) the spread of Melan-A positive cells was filamentous and het-

erogeneous and iii) the associated follicular structure of the LN remained intact (M3: Fig. 

3c,d). 3-D segmentation of the total tissue block (96.8 mm3), the LN capsule used for as-

sessment of the LN tissue volume (70.7 mm3), the CD3 (35.9 mm3) and the intracapsular 

anti-Melan-A (0.24 mm3) signal did not only allow for volume quantification, but also en-

abled visualization of the Melan-A positive cells as a sparsely growing intracapsular net-

work, sheathing the round follicular structures (M3: Fig. 3c,d, M3: Supplementary Video 

5). Using autofluorescence, we determined the sinus volume of the LN tissue to be 14.5 

mm3. Furthermore, CD3 staining allowed the quantification of cellular and anatomical 

hallmarks like follicles and germinal centers. In the tissue piece shown in M3: Fig. 3c, we 

counted 161 follicles with 154 germinal centers, occupying a median volume ± interquar-

tile range (IQR) of 1.7x107 ± 2.1x107 µm3 and 2.8x106 ± 4.9x106 µm3, respectively. 124 

(77%) of the follicles were secondary follicles, of which 19 (15.3%) contained more than 

one and up to three germinal centers. Only 37 (23%) were primary follicles. Follicles also 

differed significantly (p<0.0001, Mann-Whitney U-test) in volume with 5.2x106 ± 6.0x106 

µm3 for primary and 2.2x107 ± 2.2x107 µm3 for secondary follicles (M3: Supplementary 

Video 6). In total, 7% of the cortex/paracortex tissue (excluding the medulla) consisted of 

follicles and 17.5% of this space was taken up by germinal centers, demonstrating the 

power of LSFM to precisely quantify LN functional zones. 

Subsequent routine histopathological assessment (M3: Figure 3e) confirmed the Me-

lan-A-expressing cells to be i) intracapsular, ii) of elongated shape with inconspicuous 

nuclei, iii) next to Melan-A being also positive for the melanocytic marker S100. Based on 

these findings a benign capsular nevus was diagnosed. This sequence of events showed 

that LSFM revealed all necessary information required to allow a diagnosis, but also high-

lights the importance of compatibility and close interplay between 3-D LSFM and routine 

histology.  

3.6.4.5. Identification of melanoma metastases 

In another axillar SLN (patient #9), five of twelve pieces were found to be positive for 

Melan-A (M3: Fig. 4). The signal was primarily enriched directly below the capsule but 

also extended into the parenchyma. At the borders of the compact, interconnected cell  
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M3: Figure 3 From 2-D to 3-D and back – a capsular nevus in all protocol stages. 

(a) Macroscopic images of an inguinal human sentinel lymph node (patient #4, S8) at 

various steps of the protocol. Due to size limitations the sample was cut multiple times 
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mass, multiple single cells and multi-cellular clusters could be identified, like a spray 

within the LN tissue (M3: Fig. 4b, M3: Supplementary Video 7). It was now possible to 3-

D quantify the total Melan-A positive infiltrate. Melan-A positive cells together (in all tis-

sue pieces) occupied a total volume of 5.35 mm3. With respect to the whole lymph node 

volume of 503 mm3 (excluding all extracapsular fat and tissue), we determined that 

1.06% of the entire SLN was enriched with Melan-A positive cells (M3: Fig. 4), information  

before commencing with the protocol. Dashed lines with a scalpel symbol indicate inci-

sions performed in conformity with the gold standard processing protocol. The black 

asterisk highlights a pigment-rich region, allowing tracking after bleaching and clearing 

(in ECi). The lower sample in the clearing panel is shown throughout the analysis pro-

cess, which is indicated by the red box and arrow downwards. One square equals 1x1 

mm. (b) Upper panel shows 200 µm maximum intensity projections (MIP) of algorithm-

enhanced (RH = RAYhance) fluorescence signal of general tissue autofluorescence 

(cyan), anti-CD3 (T cells, magenta) and anti-Melan-A (green). Clusters of intracapsular 

Melan-A signal are highlighted by white arrows. Note that anti-Melan-A staining exhib-

its artifacts, e.g. cutting-edge artifact (CEA) and fat artifact (FA), which makes rendering 

the raw signal difficult (M3: Supplementary Figure 4). The lower panel shows the cor-

responding 3-D reconstructions for every channel (M3: Supplementary Video 4). On the 

right, a 2-D MIP color merge is depicted. (c) 3-D segmentation and quantification of LN 

tissue within the capsule (gray), T cells (magenta), medulla (red), follicles (orange), ger-

minal centers (GCs, yellow) and Melan-A signal (green) within the capsule (M3: Supple-

mentary Video 5, 6). The right scatter plot displays the size distribution of quantified 

primary follicles (n = 37), without GCs, and secondary follicles (n = 124), containing one 

or more GCs, in the shown sample (biological n = 1). The median volume ± interquartile 

range displayed in red is 5.2x106 ± 6.0x106 µm3 for primary and 2.2x107 ± 2.2x107 µm3 

for secondary follicles. p-value (p < 0.0001) was calculated using a two-tailed Mann-

Whitney U-test. (d) One optical slice imaged at 2.1 mm tissue depth with 12.6x magni-

fication. The intracapsular position of the elongated Melan-A positive cells is clearly vis-

ible. (e) Diagnostically relevant FFPE sections after declarification, paraffination, phys-

ical sectioning and routine staining. Anti-S100 and anti-Melan-A antibody signals are 

visualized in red with a blue nuclear counterstain (Hematoxylin). All scale bar values 

are given in µm, all optical slices are RAYhance-processed. 
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M3: Figure 4 Melanoma metastasis assessment in human SLNs using LSFM. 

(a) Macroscopic image of an axillar human SLN (patient #9, S18) after operation and 

fixation. The surrounding fat is cut and processed separately for routine histology. The 

SLN is cut into twelve smaller pieces, five of which are found to be metastasized. (b) 

From top: Panels of macroscopic images showing the five metastasized SLN pieces, each 
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not obtainable from clinical histopathology. Importantly, the distribution patterns of Me-

lan-A positive cells observed in LSFM correlated precisely with subsequent histopatho-

logical stainings (M3: Fig. 4c).  

Despite performing a peroxide bleaching step, residual pigmentation was present in 

some tissue pieces. This impacted LSFM imaging with shadow artifacts like stripes or 

blurriness (M3: Supplementary Note 1). However, despite heavy pigmentation of e.g. 

piece twelve (M3: Fig. 4b), we were able to completely 3-D quantify the anti-Melan-A sig-

nal, highlighting the importance of using infrared laser light (785 nm excitation) for tumor 

detection. In this LN piece, the association of Melan-A positive cells with a major blood 

vessel was particularly striking (M3: Supplementary Fig. 5, M3: Supplementary Video 8). 

Correlative follow-up histology revealed that pigmentation was sometimes, but not al-

ways, co-localized with Melan-A positivity (M3: Supplementary Fig. 5). 

3.6.4.6. Discovery of hidden metastases 

In another inguinal SLN (patient #11) with a total intracapsular volume of 749.3 mm3, 

we determined Melan-A positive cells with a total volume of 0.03 mm3 (0.004%) in 1 of 

11 pieces. This volume consisted of two intranodal volumes of 0.013 mm3 and 0.006 mm3 

and an extracapsular but intravascular volume of 0.011 mm3. Therefore, each site alone 

was much larger than the 0.1 mm diameter (0.001 mm3) measurement considered diag-

nostically relevant10,14. Hence, this would constitute an important stratification factor for 

further adjuvant treatment. 

one in a column, after fixation, bleaching and clearing (in ECi). Some residual pigmen-

tation can be seen macroscopically. Impact on LSFM imaging see M3: Supplementary 

Figure 5 and M3: Supplementary Video 8. The LN tissue within the capsule (gray, with-

out surrounding fat) as well as the subcapsular Melan-A signal (green) were volume 

segmented and quantified (M3: Supplementary Video 7). The total LN tissue volume of 

all twelve pieces combined amounted to 503 mm3, the total Melan-A volume to 5.35 

mm3 (1.06%) (c) Top: LSFM MIPs of three subsequent RAYhanced (RH) optical slices, 

showing anti-Melan-A signal (green) and anti-CD3 signal (magenta). Bottom: Correlat-

ing FFPE slices of follow-up anti-Melan-A histology (Melan-A = red, Hematoxylin = 

blue). Squares in macroscopic images are 5x5 mm, scale bar values in µm. 
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However, the subsequent routine FFPE histology analysis did not identify a SLN me-

tastasis. Neither Melan-A nor S100 positivity were observed within the SLN of the sections analyzed. The SLN was therefore declared “negative” according to the gold 

standard histopathological analysis. To further investigate the Melan-A positive signals 

only observed in LSFM we performed an additional follow-up FFPE histology on pre-

served gap sections (M3: Fig. 2) of the SLN tissue. Here, we identified Melan-A positive 

cell clusters confirming the previous LSFM observations (M3: Fig. 5, M3: Supplementary 

Video 9). As first discovered in the LSFM analysis, small morphologically atypical cells 

penetrated the lymph node within an afferent lymph vessel. Those cells were distributed 

within the subcapsular sinus and showed initial infiltration of the parenchyma. Based on 

the morphology, the cellular distribution and the histopathological staining, this cell ac-

cumulation was recognized as a melanoma metastasis. The status of the SLN was subse-

quently re-evaluated and changed to “positive”. Hence, “LSFM-guided histopathological 

analysis” enabled identification of a melanoma metastasis in an SLN that would have been classified as “negative” if assessed by conventional histopathology protocols alone. Based 
on these results, the patient was reassigned to the interdisciplinary melanoma tumor 

board and was subsequently offered access to adjuvant checkpoint blocker therapy.  
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M3: Figure 5 LSFM reveals metastasis missed by the gold standard procedure. 

(a) Macroscopic images of an inguinal human SLN (patient #11, S21) after operation 

and piece number six after fixation, bleaching and clearing (in ECi). (b) Routine FFPE 

histology found no Melan-A positive cells within the lymphnode in piece six, nor any 

other piece of the LN (not shown). Enlargements (black rectangles in overview) corre-

spond to regions of interest from (c). (c) Melan-A signal could be detected at two sites 

(white rectangles) of tissue piece six. Left: Volume segmentation of Melan-A signal 

(green) and the capsule allowed 3-D quantification. Enlargements of upper and lower 

Melan-A events can be correlated with both LSFM MIPs (middle) and LSFM-guided fol-

low-up histology (right). Middle: 300 µm maximum intensity projections (MIPs) of tis-

sue autofluorescence (cyan) and Melan-A signal (green). The Melan-A event in the top 

panel consists of two parts, in total stretching over more than 300 µm in Z. The left part 
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3.6.5. Discussion 

While proven effective, reliable and widely used for decades, histological analysis of 

the SLN has limitations. As established histopathological protocols merely analyze repre-

sentative slices6,8,9,30-32, only a very small portion of the SLN is sampled for histology rela-

tive to its volume. Without prior knowledge of tumor cell localization, the SLN is sectioned 

according to a predetermined cutting scheme (M3: Fig. 2). This regular black-box ap-

proach is prone to error allowing small metastases to be missed entirely. When discussing 

detection of total melanoma volume in SLN, several considerations are important. First, 

the smallest tumor considered diagnostically relevant in FFPE diagnostics has a diameter 

of 0.1 mm10,14. Assuming an average melanoma cell size of ~20 µm diameter and a spher-

ical volume, such a tumor would contain ~125 cells in 3-D. Second, a small SLN (1 cm 

diameter) has a volume of ~5.2*1011 µm3 while the tumor cell volume would be ~4.2*103 

µm3. Thus, even a small SLN offers ~108 different positions for a single melanocyte or 

~106 sites for minimally relevant tumor deposits to be located. Given that melanocytic 

metastases differ in cellular form (e.g. ellipsoid), complete sequential sectioning of the 

SLN in 5 µm steps would be mandatory to guarantee not missing a metastasis by conven-

tional histology. As multiple stainings of a single melanoma metastasis are required (e.g. 

H&E, anti-Melan-A, anti-S100), a melanoma cell may be missed if not present in at least 

two sequential sections. Hence, ~2,000 serial sections would be necessary to definitively 

declare a SLN positive or negative. As SLN are often larger, the number of required sec-

tions would frequently be substantially higher. Thus, a complete histological analysis of a 

SLN is not feasible in a routine setting.  

is located in the sub-capsular sinus (M3: Supplementary Video 9). The right part is out-

side of the capsule, located within an afferent lymph vessel (see histology). The Melan-

A event in the lower panel is closely associated with a blood vessel. Right: Additional 

LSFM-guided follow-up FFPE IHC stainings against Melan-A (red) confirmed LSFM find-

ings. Black arrows highlight Melan-A positive cells that are easy to miss. In the upper 

left image, singular parenchymal cells can be identified. Squares in macroscopic images 

are 5x5 mm, scale bar values in µm. 
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Our LSFM approach allows a complete 3-D tumor assessment down to single cells, ad-

ditionally showing melanocyte interactions with the anatomical and cellular environmen-

tal cues of a SLN within reasonable investments of time and expenses. The precise 3-D 

localization of melanoma metastases with respect to anatomical hallmarks (e.g. 

blood/lymph vessels, immune cells, LN stroma) could yield important new insights into 

metastasis formation and biology, impacting prognostic assessment and treatment in the 

future.  

In comparison to routine FFPE histology, which can theoretically be available for his-

topathological assessment within 2-3 days, our LSFM approach currently still requires 12 

additional days until data acquisition is complete (M3: Supplementary Table 3). There-

fore, important future challenges address reducing the protocol time. This could be 

achieved by shortening tissue penetration time of staining molecules by e.g. i) electro-

static fields33, ii) microwave enhanced diffusion34,35 or iii) smaller staining molecules, e.g. 

nanobodies36 that allow considerably faster diffusion37. Furthermore, the development of 

both, artifact-free antibodies and strong, photobleaching-resistant infrared fluorophores 

compatible with whole-mount staining, clearing, LSFM and follow-up histology are of high 

importance. That antibodies can be applied without causing artifacts is demonstrated by 

the anti-CD3 or anti-CD19 stainings (M3: Fig. 3). The benefits of infrared dyes in whole 

organ LSFM were demonstrated in a tumor measured despite the illumination and emis-

sion shadow of residual pigmentation (M3: Supplementary Fig. 5, M3: Supplementary 

Video 8), a significant improvement of previous reports investigating human LN22.  

Another problem connected to LSFM (and any in-depth imaging approach) is the size 

of the resulting data sets that need to be processed and stored38. Here, new ways for pow-

erful image compression not impeding data quality need to be developed. Importantly, 

significant information contained in raw LSFM images can also be obscured when using 

conventional and strictly linear digital display options for visual inspection that inevitably 

lead to display saturation in maximal brightness and/or darkness. Therefore, we intro-

duce RAYhance as a multiscale contrast compression algorithm that obeys the character-

istics of the human visual system and processes the primary image in several multiscale 

contrast images. This allows the simultaneous representation of all clinically relevant im-

age entities even if they stem from formerly disparate intensity regions. However, 

RAYhance, in its current version, being optimally suited to adjust the autofluorescence 
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channel can only be a starting point. Other signals such as the tumor may need more del-

icate adjustments to fully represent the biological distribution without creating false pos-

itives. New approaches such as artificial intelligence and deep learning may recognize dis-

ease-defining features in LSFM data, not discernible to the human eye, yet bearing sub-

stantial diagnostic power39. 

Currently, our three channel setup already allows identification of at least seven dis-

tinct entities of SLN architecture such as medulla, follicles and germinal centres (M3: Fig. 

3). To further improve landmark identification, future developments should overcome 

current limitations of three colour LSFM. Using more infrared laser lines and more fluo-

rescent dyes between 600-850 nm emission will allow multiplexed analyses. In conjunc-

tion with the advent of process automatization, our approach could potentially represent 

the starting point of a fast, routine stand-alone method of multicolour 3-D tumour analysis 

in human tissues. It is tempting to speculate that, in the future, pathologists might browse 

through 3-D data sets of whole tissues in search of conspicuous structures38 rather than 

spend hours behind microscope oculars examining thin sections.  

The diagnostic potential of the presented approach is strengthened by the fact that in 

our prospective first-in-human study LSFM not only identified all metastases seen histo-

logically but additionally detected a metastasis not recognized by routine histology. Based 

on this finding our interdisciplinary tumour board changed their recommendations and 

this patient was offered an adjuvant systemic therapy with an immune checkpoint inhib-

itor. Therefore, our procedure already provides a further stratification factor for adjuvant 

treatment potentially prolonging melanoma specific survival.  

However, the application of LSFM-guided histology in diagnostics is not restricted to 

melanoma patients. Apart from analysing SLN of other cancer types22, the procedure can 

also be applied to other diagnostically relevant tissue samples, such as cutaneous metas-

tasis (M3: Supplementary Fig. 3) or any tissue biopsy that fits into a LSFM system21,22,38. 

In conclusion, our workflow can guide and might potentially replace FFPE histopathology 

as a novel gold standard for SLN staging. 

3.6.6. Methods 

HUMAN STUDIES - RECRUITMENT OF PATIENTS 
This prospective study was approved by the local ethics committee of the Medical Faculty, 
University Hospital Essen, Germany (17-7420-BO) and registered at the German Clinical 
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Trials Register (DRKS00015737). Written, informed consent was obtained from all pa-
tients before entering the study. Eleven patients, fulfilling the inclusion criteria, with stage Ib or II (AJCC 2009, tumor depth of ≥1.0 mm) malignant melanoma and an age >18 years, 
who were scheduled to undergo sentinel lymph node excision (SLNE) were included in 
this ongoing prospective study which started October, 22nd 2018.  
 
SENTINEL LYMPH NODE EXCISION 
SLNE is performed as a standard procedure at the Department of Dermatology, University 
Hospital Essen, Germany, according to the guidelines of the German Association of Der-
matology (Deutsche Dermatologische Gesellschaft, DDG)23. Prior to SLNE, lymphoscintig-
raphy using radioactive technetium was performed and subsequent SLNE was performed 
either under tumescent local anesthesia or general anesthesia as previously described24. 
Preparation and subsequent excision of all marked lymph nodes was carried out via an 
incision over the location where a maximum radio-isotype activity could be measured us-
ing a mobile manual scintillation probe (C-Trak, Care Wise Medical Products Corpora-
tion). Surgery was terminated when no further radioactive foci could be identified in the 
surgical field. Samples were pseudonymized by the involved medical doctors so that all 
samples could be processed by non-medical personnel as well.  
 
WHOLE-MOUNT PROCEDURE STAINING AND TISSUE CLEARING 
Directly after excision, samples were washed in isotonic sodium chloride solution, photo-
graphed and chemically fixed using excess volume of 4% PFA in PBS (CatNo: 9143.1, C. 
Roth) for 24 h at 4 C. After fixation, SLN were macroscopically cut if the smallest dimen-
sion (future z in LSFM) exceeded 6 mm, the working distance of the objective. The other 
two dimensions did not exceed 13 x 11 mm, avoiding multi-positioning and subsequent 
stitching algorithms while simultaneously reducing acquisition times. The incisions were 
made according to routine histopathological guidelines. For tissue permeabilization, sam-
ples were incubated at room temperature (RT) in 15 ml tubes (CatNo: 188271, Greiner 
Bio-one) with permeabilization buffer consisting of 20% DMSO (CatNo: 41641, Fluka), 
1% TritonX-100 (CatNo: 3051.3, Carl Roth), 2.3 g glycine/100 ml (CatNo: 3908.2, Carl 
Roth) in Roti®-CELL PBS (CatNo: 9143.1, Carl Roth). During all incubation steps, samples 
were shaken in 3-D (Model No: 88881002, Thermo Fisher and RS-DS 5, Phoenix Instru-
ment) except when described otherwise. Overhead rotation was avoided to prevent sam-
ples from getting stuck and running dry. Afterwards, samples were dehydrated in an as-
cending ethanol (EtOH) series, consisting of 50% EtOH (1:1 dilution of 100% EtOH, CatNo: 
9065.4, Carl Roth, in ddH2O), 70% EtOH (CatNo: T913.2, Carl Roth) and 100% EtOH in 15 
ml tubes while at 4°C. Incubation times in 50% EtOH and 70% EtOH were 4 h and 2 h in 
100% EtOH.  
The bleaching solution was prepared freshly, 10 minutes prior to sample incubation, by 
diluting 35% H2O2 (CatNo: 349887, Sigma Aldrich) to 7.5% in precooled bleaching solu-
tion, consisting of 5% DMSO in 100% EtOH. After 10 minutes, samples were transferred 
to these tubes, which were only loosely capped and incubated standing upright for 4 h at 
4°C. Then, samples were rehydrated by successive incubation in 70% EtOH and 50% EtOH 
for at least 4 h at 4°C. While in 50% EtOH, the samples were warmed to RT and washed 
with 15 ml PBS for 30 minutes. Blocking was conducted for at least 30 minutes while 
shaking in 2 ml blocking solution containing 0.1% saponine (CatNo: 4185.1, Carl Roth), 
0.1% Triton X-100, 0.02% NaN3 (CatNo: S2002, Sigma) and 5% donkey serum (CatNo: 
P30-0101, PAN Biotech) in 1x PBS in amber 2 ml safe-lock tubes (CatNo: 0030120.248, 
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Eppendorf). Incubation was done in a dry incubator (HERAcell 240i, Thermo Fisher) 
heated to 37 °C. 
Subsequently, the samples were incubated with fluorophore-conjugated antibodies for 
another 5 d at 37 °C shaking. For the study, the panel was: 2 µg/ml of anti-CD3 AlexaFluor 
647 (CatNo: 344826, Clone: SK7, BioLegend) and 10 µg/ml of anti-Melan-A (CatNo: NBP2-
46603, NovusBio) which was self-conjugated with AF 790 (coupling kit: CatNo: A20189, Thermo Fisher) according to the manufacturer’s manual. Note, that the Melan-A signal 
was placed in the channel with the longest possible wavelength to ensure a robust detec-
tion of Melan-A positive melanoma cells throughout the entire sample, since this was the 
most important feature for evaluating the clinical applicability of LSFM. In order to be able 
to compare Melan-A positive cells in the sample in LSFM and follow-up FFPE histology, 
we applied the same antibody clone (A103) used in local clinical routine diagnostics. For 
the B cell staining, we used 1 µg/ml anti-CD19 AF647 (CatNo: 302220, Clone: HIB19, Bio-
Legend). After antibody incubation, samples were kept in black 5 ml tubes (CatNo: PE69.1, 
C. Roth) to protect them from light while being washed twice in 5 ml blocking solution 
without donkey serum. First, they were incubated for 4 h and then overnight at RT. Sam-
ples were then dehydrated in an ascending ethanol series of 50% EtOH, 70% EtOH and 2x 
100% EtOH for 4 h at RT in each step. The samples were transferred to brown glass vials 
(CatNo: 102452 with screw caps CatNo: 102346, Glas-Shop.com) containing pure, fluid 
ethyl cinnamate (ECi, 99%, CatNo: 112372, Sigma Aldrich) as the refractive index match-
ing agent and incubated for at least 8 h at RT. Tip: Invert samples at least once 2 h before 
imaging for optimal clarity.  
 
LIGHT SHEET FLUORESCENCE MICROSCOPY (LSFM) 
Samples were imaged using an Ultramicroscope II and ImSpector software (both LaVision 
BioTec). The microscope is based on a MVX10 zoom body (Olympus) with a 2x objective 
and equipped with a Neo sCMOS camera (Andor). For image acquisition, samples were 
either screwed or glued (Loctite 408) on a commercially available sample holder. Beware 
that contact with glue renders the tissue surface milky. If gluing a sample, it should not be 
imaged from a different angle afterwards. To avoid damage or deformation of the sample 
if screwing it tight, ECi-cleared 1% phytagel (CatNo: P8169–100G, Sigma Aldrich) in tap 
water blocks were used as buffers between tissue and plastic holder, from both sides and 
from below. Samples were placed on the longest cutting edge, with a perpendicular cut-
ting edge facing left, if applicable. This allowed correlation with following histopathology. 
The cleared samples were then immersed in an ECi-filled quartz cuvette and excited with light sheets of different wavelengths (488, 561, 639 and 785 nm). Depending on the fluor-
ophores, following band-pass emission filters were used (mean nm / spread): 525/50 nm 
or 595/40 nm for tissue autofluorescence; 680/30 nm for AF647 and 835/70 nm for 
AF790. For tumor screening, the sample was illuminated from both sides with three light 
sheets from different angles. Optical slices were taken every 10 µm at a low total magni-
fication between 1.26x-2x, providing a detector resolution of 10.32-6.5 µm, respectively. 
The NA was set to 0.029, yielding a light sheet thickness of approximately 10 µm at the 
horizontal focus. During overview imaging, samples were evaluated live noting clarity, LN 
structure and, if applicable, Melan-A signal position. Regions of interest, e.g. presumably 
Melan-A positive regions, were subsequently imaged, mostly using a total magnification 
of 6.4x with a detector resolution of 2.02 µm. Here, acquisition parameters varied depend-
ing on size and quality of the region of interest. Sheet width was always at maximum to ensure a homogenous illumination of the sample. Illumination time was set to 350 ms and 
the total acquisition time of one plane was thus, theoretically, 700 ms. Assuming a z stack 
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as deep as 6 mm, this would have resulted in the acquisition of 600 images × 3 chan-nels = 1800 images, which would theoretically have taken 21 min. However, in our prac-
tical experience including loading the samples, the overview imaging of one sample took 
30–40 min. Depending on the number of regions of interest, the additional imaging time 
per sample ranged from 0-2h. To avoid photobleaching during imaging, the longest wave-
length was imaged first. The output was a 16bit OME.TIF stack. 
For more information on zoom factors, corresponding numerical apertures and resolu-
tions, please visit: https://www.lavisionbiotec.com/products/UltraMicroscope/specifi-
cation.html. 
 
DECLARIFICATION AND GOLD STANDARD FORMALIN-FIXED PARAFFIN-EMBEDDED (FFPE) HISTOLOGY 
After image acquisition, the samples were declarified in a descending ethanol series of 2x 
100% EtOH, 1x 70% EtOH and 1x 50% EtOH for 4 h while shaking at RT. Then, samples 
were transferred into a plastic cassette (CatNo: M491-5, Simport) and stored in PBS. Sub-
sequently, they were routinely paraffinized using a vacuum infiltration tissue processor 
(Tissue-Tek VIP 6 AI, Sakura). Paraffin embedding was done using a TBS88 (Medite). Se-
quential slices of 1.5 µm thickness were acquired by cutting the pre-cooled paraffin blocks 
(HistoStar cooling plate, Thermo Fisher) using a HM340E microtome (Thermo Fisher) 
with A35 microtome blades (Feather). Slices were transferred to a water bath set to 40°C 
(CatNo: MH8517, Electrothermal) and mounted on SuperFrost microscope slides (CatNo: 
03-0060, R. Langenbrinck). Slides were stored at RT in the dark, while histopathologically 
relevant slides according to the local guidelines were routinely processed. H&E staining 
was done using a Ventana HE 600 (Roche) with Hematoxylin (CatNo: 07024282001) and 
Eosin (CatNo: 06544304001, Ventana). Immunohistochemistry against Melan-A (CatNo: 
790-2990) or S100 (CatNo: 790-2914) in red (CatNo: 760-501, all Ventana) was con-
ducted using a BenchMark Ultra (Roche). 
 
ROUTINE STAGING AND FOLLOW-UP HISTOLOGY 
Slides were routinely histopathologically assessed by local histopathologists and patients 
were staged according to these gold standard findings alone. Histopathologists were only informed of patient’s study participation but not about LSFM findings to avoid bias. If live 
LSFM findings did not match the reported diagnosis, LSFM data were reviewed. If Melan-
A positivity could be determined in LSFM only, LSFM-guided FFPE follow-up stainings of 
stored back-up slides were used to confirm the findings. These were then again assessed 
by histopathologists. An Aperio At2 (Leica) was used to image FFPE slides.  
 
IN-SILICO 3-D ANALYSIS 
16bit OME.TIF stacks were converted (ImarisFileConverterx64, Version 9.3.1, BitPlane) 
into Imaris files (.ims). 3-D reconstruction and subsequent analysis was done using Imaris 
software (Version 9.3.1, BitPlane). Segmentation of whole tissue including fatty tissue and 
CD3 positive volume was done using segmentation algorithm on tissue autofluorescence 
with 20 µm grain size and manual threshold. Segmentations of LN tissue (via LN capsule 
and/or cutting edges), Melan-A signal, blood vessels, B cell follicles and germinal centers 
are all based on the contour tracing tool and were carried out manually/semi-automati-
cally. For surface creation of the LN tissue every 10th optical slice (100 µm), for all other 
surfaces every optical slice was traced. Surfaces were created with maximum resolution (2160 × 2560 pixel) and preserved features to ensure matching of the traced lines with 
the surface border. Discrimination of B cell follicles was based on T cell absence within 
the LN stroma.  
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MULTISCALE CONTRAST COMPRESSION ALGORITHM – RAYHANCE 
For a given mean level of brightness the human visual system (HVS) typically is able to 
discriminate just about 100 different grey levels25,26. Therefore we developed RAYhance 
in order to access the wealth of information hidden in the broad dynamical range of fluo-
rescence microscopy images in one glimpse. It presents slightest contrasts in fine details 
both in low and high intensity regions simultaneously and keeps strong contrasts under 
control. Mastering this task provides an image that delivers all structural information at 
once to the HVS and overcomes the cumbersome and time-consuming task of scanning 
the entire image by changing the windowing appropriately. 
RAYhance modifies the contrast of the input images and its concept of contrast is designed 
to operate independently of the absolute intensity level of the input image. This allows for 
processing a whole 3-D-stack of LSFM images without generation of artificial discontinu-
ities in image brightness – the whole 3-D-volume is processed seamlessly along the direc-
tion of the light sheet travelling through the specimen. 
Each primary image, in our case uncropped 16bit OME.TIF optical slices, is converted in 
consecutive steps into several multiscale contrast images that obey the characteristics of 
the HVS as their contrast is given in units of just noticeable differences (JNDs). At each 
scale-level the JND images undergo non-linear processing of their pixel values that en-
hances subtle contrasts and decreases high contrasts that are perceivable anyhow. After-
wards, the processed multiscale contrast images are recombined into one grey-level im-
age: the resulting RAYhance-processed image. RAYhance’s algorithm focuses on content and characteristics of the raw image only and 
thus runs detector independently. The parameters can be tuned to the specific task and, 
once set, RAYhance works without any user interaction, giving reproducible results even 
under different intensities of the illuminating laser.  
RAYhance is currently available upon request from LaVision BioTec GmbH. In order to 
use RAYhance, please send your request to goettingen@lavisionbiotec.de. 
 
SHRINKAGE DETERMINATION 
Generally, samples were photographed macroscopically after excision, fixation, section-
ing (if applied), bleaching (after rehydration) and clearing (before LSFM) in order to keep 
track of the macroscopically visible pigmentation and the shrinkage per sample/piece. 
However, not all samples were ideally suited for shrinkage measurement of LN tissue due 
to e.g. fat enrichment. Using FIJI27, the area of the samples imaged from directly above was 
measured using the polygon tracing tool. With the millimeter paper in the background as 
a reference, the shrinkage per dimension of human LN tissue was determined to be: 5.1% 
± 2.4% (arithmetic mean ± SD) from fresh to fixed, 5.9% ± 2.7% from fixed to bleached 
and another 10.5% ± 1.6% from bleached to cleared. The overall shrinkage from fresh to 
cleared was 20% ± 5.4% (all N=3). Paraffination of the samples caused further shrinkage 
compared to the cleared state, which amounted to 18.4% ± 4.6% (N=4).  
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3.7. Recapitulation 

In the above manuscripts1,2,6, we learned that analysis of cellular distribution patterns 

within entire organs requires specialized approaches but yields quantitative, meaningful 

results. On a technical side, we explored how autofluorescence-attenuation, tissue clear-

ing and LSFM together allow homogenous, quantitative imaging throughout the murine 

heart. The published BALANCE protocol can be applied to assess organ-wide reactions to 

I/R injury. Here, assessment of myocardial infarction parameters was coupled to the anal-

ysis of the distribution patterns of neutrophils in their role as first responders in an acute 

sterile inflammation1. 

Furthermore, the lessons learned while working with strongly autofluorescent murine 

tissue also led to effective clearing of bloody and pigmented human biopsy samples rang-

ing from heart to squamous cell carcinoma and entire lymph nodes. The fast i.v. antibody 

delivery route used in mice had to be replaced with a more time-consuming deep-pene-

tration whole-mount staining approach. This shed light on the specific role of TANs and 

their inhibitive interaction with T effector cells in a chronic sterile inflammation setting 

within head and neck squamous cell carcinoma. The findings comprised of neighborhood 

analyses and the identification of TAN /T cell enriched tumor pockets in the 3-D space 

highlight the applicability of tissue clearing and LSFM in medical research2. 

Finally, we explored the utility of whole-mount staining, tissue clearing and LSFM in 

clinical diagnostics. Therefore, we developed a specific staining strategy for human lymph 

nodes that allowed the simultaneous analysis of i) the tissue architecture, ii) the cellular 

distribution patterns concerning T cells, B cell follicles and germinal centers, and iii) mel-

anoma metastases and their exact 3-D quantification and localization. The LSFM sensitiv-

ity to detect melanoma metastases compared to the gold standard FFPE histology 

amounted to 100%. Beyond that, one out of eleven patients included in this clinical study 

only received access to checkpoint blocker therapy due to LSFM analysis and a possible 

follow-up histology of stored gap sections. The potential impact of tissue clearing and 

LSFM on the efficiency of clinical pathology, and thus patient treatment and ultimately 

survival might thus be higher than expected6. 
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4. Discussion 

4.1. Technical LSFM restrictions – developments and guidance 

As shown in this thesis, LSFM in combination with tissue clearing is a powerful tool to 

analyze tissue samples, even entire organs, with cellular resolution1,2,6. New protocols 

were developed or adapted to allow the analysis of organs of interest. Thereby, the pro-

tocols differed in the route fluorescent probes were delivered. While fluorophore conju-

gated antibodies were i.v. injected into mice1, human samples underwent whole-mount 

staining2,6. It is important to understand the fundamental differences and caveats of each 

route in order to utilize both techniques most effectively. 

4.1.1. Fluorescent probe delivery route and associated caveats 

4.1.1.1. Intra venous antibody delivery 

Direct injection of conjugated antibodies into the bloodstream of an organism is asso-

ciated with the benefit that all available targets are stained in their natural state while “blocking and washing”, lowering and removing non-specifically bound antibodies is ef-

fectively mediated by flowing blood and subsequent perfusion. The delivery to readily ac-

cessible targets like endothelium is also very fast, producing robust anti-CD31 staining of 

the entire heart in less than one minute (data not shown). However, antibodies will not 

penetrate the intact plasma membrane of a cell and thus only surface markers can be tar-

geted185. Moreover, how fast and efficient i.v. injected antibodies can reach and stain tar-

get cells in living tissue is not well understood. Concerning immune cells, introduction of 

a bias towards staining recently extravasated immune cells only should be investigated in 

different tissues. In pharmacokinetics, models e.g. from Shah et al. report that the tissue 

concentration of monoclonal antibodies linearly correlates with their plasma concentra-

tion independent of the time of measurement post dosing186,187. The related biodistribu-

tion coefficient for murine hearts concerning monoclonal antibodies suggests that the tis-

sue concentration within the heart is about 10% of the plasma concentration187. However, 

these models typically consider minimum post-injection times of hours or days, not 

minutes (personal correspondence with Prof. Dhaval K. Shah, University of Buffalo, 
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30.10.2019). In theory, endothelium in the heart is non-fenestrated and in the healthy 

state larger molecules cross into the tissue via transendothelial channels or via transcyto-

sis. During inflammation, increased permeability leads to enhanced transport of mole-

cules via the paracellular route (reviewed here188). Specific information regarding kinet-

ics of antibody transcytosis is sparse and knowledge is mainly based on epithelium, 

whereas less is known about endothelium189. Nevertheless, an exclusive staining of all ex-

travasating immune cells within the total incubation time of 10 min following antibody 

injection of e.g. anti-Ly6G is unlikely since tissue emigration of a neutrophil may already 

take >8 min for the fast paracellular route, whereas transcellular emigration takes 20-30 

min longer. This is true for healthy tissues and upon macrophage inflammatory protein 2 

superfusion190,191 and might change during inflammation. Moreover, there are reports 

claiming that anti-CD31 antibodies reduce neutrophil recruitment to inflamed tissues29 

and thus labelling of CD31 and Ly6G simultaneously might slow neutrophil extravasation 

even further. In manuscript #1, we assessed the capability of anti-Ly6G antibodies (clone 

1A8) to stain all neutrophils present in tissues. I.v. labeling of neutrophils that also ex-

pressed the endogenous fluorophore tdTomato revealed a perfect overlap of all visible 

tdTomato+ neutrophils with the anti-Ly6G antibody signal (M1: Supplementary Figure 

2c,d). Immune privileged organs like brain, eye and testis represent another restriction of 

antibody penetration into living tissues192,193. Furthermore, longer incubation times of an-

tibodies might lead to adverse events, like inflammation or cell depletion. In the specific 

case of neutrophils, depletion protocols typically use much higher concentrations of anti-

bodies (>100 µg per animal) and depletion efficiency is typically reviewed after >24 hours 

(compared to 5 µg/mouse for 10 min for LSFM staining)194-196.  

All in all, i.v. delivery of conjugated antibodies is a fast and reliable way to stain surface 

markers in non-immune privileged organs, especially the endothelium. Apart from inject-

ing antibodies, injecting small molecule dyes i.v. can achieve staining of e.g. extracellular 

DNA in vivo197. Nevertheless, the use of new markers should always be accompanied with 

comparative analyses of gold-standard methods, like flow-cytometry or 2-D histology as 

demonstrated in all manuscripts of this thesis. 
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4.1.1.2. Whole-mount staining 

No matter how fast and reliable i.v. antibody delivery is, there are samples that cannot 

be stained using this technique. Apart from immune privileged sites, this might depend 

on the experimental setup or the size of the organism of interest. Due to obvious ethical 

reasons, it is also not possible for human biopsy material. Therefore, labelling agents like 

fluorophore-conjugated antibodies must be delivered from the outside of the sample while leaving most of the sample intact, in a procedure termed “whole-mount staining”. 
Published protocols incorporate the following principal steps2,162: after chemical fixation, 

the tissue is further permeabilized to allow antibody penetration. The use of detergents 

like Tween or Triton-X naturally causes loss of lipids but also proteins, and therefore 

might lower the target density within the tissue198. Subsequently, the probe can passively 

diffuse into the sample. However, depending on the level of antibody concentration, a 

bright halo might be visible during LSFM analysis, surrounding the tissue. In manuscript 

#3, instead of an unspecific sample halo due to high antibody clustering before sample 

entry, an enrichment staining along edges derived from physical sample manipulations was observed. This “cutting edge artifact” was restricted to the anti-Melan-A staining. 

Tests with other antibody clones against Melan-A revealed that specific clustering at the 

cutting edges of the tissue is a clone-inherent phenomenon. However, switching clones of 

detection antibodies against Melan-A might lead to a mismatch with follow-up histology 

due to differences in specificity. Therefore, cutting edge artifacts were consequently ex-

cluded from tracing Melan-A+ cells, although signal intensities matched positive signals. 

The signal itself was limited to the first 10-20 µm of tissue, making it easily distinguishable 

from tumor itself (for artifact assessment, see M3: Supplementary Figure 4). 

Furthermore, tissue permeabilization and passive antibody diffusion are relatively 

slow processes taking multiple days to weeks171 instead of minutes using the i.v. labeling 

route1. Especially in terms of a diagnostic procedure, prolonged processing times mini-

mize its applicability. In turn, routine histopathological analysis may not be faster consid-

ering daily routine (M3: Supplementary Table 3). To reduce staining times by avoiding 

the need for additional incubation with secondary antibodies, mainly primary conjugated 

antibodies were used in this thesis. In principle, multiple staining rounds are possible and 

may be necessary due to low signal intensity of a primary antibody or incompatibility 

amongst multiple primary and secondary antibodies (up to three were used by Si et al.)2. 
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Additionally, the processing times of the protocols may be lowered by either using smaller 

probes enhancing diffusion speed199, like nanobodies200, or applying active diffusion pro-

tocols. The latter comprises the use of specialized microwaves201 or electrostatic fields202. 

4.1.2. Sample size 

The protocol time of whole-mount staining is strongly influenced by the sample size 

as well. Besides technical restrictions derived from sample holders or the working dis-

tance of the objective, the sample size depends on the research question. On the one hand, 

there is a fast visualization of a small region of interest, e.g. the murine heart, that yields 

local 3-D information. On the other hand, the system can also be stretched to stain and 

image neuronal projections throughout an entire mouse170. In the latter example, even 

though the authors already used nanobodies, the probe incubation time was 8 to 9 days 

for the entire mouse. Furthermore, multi-tile or time-lapse LSFM come with high imaging 

time and generate immense amounts of data, comparable to CERN output203. Therefore, 

it is advisable to adapt and reduce the sample size to the absolute minimum necessary to 

answer the research question at hand. In manuscript #3, SLN were cut due to technical 

restrictions of the imaging system but also to assure robust staining quality of homoge-

nously large samples and to avoid tiling and stitching, that would have introduced another 

layer of complexity. We were thus able to determine the SLN status and quantify tumor 

load at the level of single cells. Imaging entire SLN with >1 cm diameter might yield sur-

plus biological information and reduce the handling workload, especially during imaging. 

However, this comes at a risk of introducing deep imaging artifacts like blurriness or pig-

mentation shadows (M3: Supplementary Figure 5 and M3: Supplementary Video 8). 

Moreover, increased sample size might lead to inhomogeneities in staining quality. 

4.1.3. Autofluorescence, its attenuation and its use 

Tissue autofluorescence and absorption are often related to high contents of hemoglo-

bin or obstructive fluorescent pigments like melanin, respectively150. Especially in the 3-

D space, sample clarity and signal quality depend strongly on the removal of such obstruc-

tions. Furthermore, light absorption of the tissue minimizes tissue penetration depth, 

which leads to a bright halo surrounding the in comparison highly under-illuminated ob-

ject (M1 Figure 1c)1. Therefore, the reduction of light absorption and homogenization of 
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autofluorescence throughout the sample are prerequisites for quantitative imaging. Only 

by use of bleaching, it was possible to image the entire murine heart with its dense muscle 

tissue (manuscript #1) and assess human biopsies, like SLNs, that cannot be perfused free 

of blood and might contain further pigments like melanin (manuscript #3).  

It is important to bear in mind that tissue bleaching with peroxide, for reduction of 

imaging artifacts and the enhancement of sample clarity, may cause epitope changes, hin-

dering antibody binding204. Therefore, tissue bleaching is only advisable when well ti-

trated and absolutely required. Antigen persistence should always be confirmed by fol-

low-up gold standard histology (M3: Supplementary Figure 3). This was not necessary in 

the murine heart, since antibodies could bind epitopes in their natural state prior to tissue 

processing. Whole mount staining of SCC did not require bleaching at all, even though hu-

man biopsies are likely to be enriched with erythrocytes. However, tissue bleaching was 

integral to analyze human SLN that may contain pigmented melanoma. Strict correlation 

of LSFM findings with histology revealed that at least frequently used markers like Melan-

A and S100 survive peroxide bleaching and can be used for gold-standard diagnosis even 

after initial whole-mount staining and LSFM analysis (M3: Figure 4c). Additionally, per-

oxide bleaching does not only destroy pigments, it quenches endogenously expressed flu-

orescent proteins1, which might be themselves targeted with antibody staining again, re-

covering signal and shifting it into more appropriate channels (GFP to AF790). 

The reduction of sample autofluorescence and absorption in general and even specific 

destruction of hemoglobin or melanin with peroxide has been described previously205,206. 

The whole-mount protocol iDISCO also utilizes peroxide to destroy pigments and homog-

enize autofluorescence signals for subsequent analysis with LSFM162. In comparison to 

the iDISCO approach, the published BALANCE protocol is based on less toxic substances, 

like ethanol instead of methanol, that do not cause incompatibilities of antibodies and 

their epitopes171 in subsequent whole-mount staining or histology, as demonstrated in 

manuscript #3.  

As soon as tissue autofluorescence allows for a high signal-to-noise ratio and homog-

enous imaging, it can also be used to capture local anatomical features, e.g. the structure 

of the lymph node capsule and blood vessels inside. Obtaining this anatomical information 

without using additional, specific color channels allows multiplexing of other cellular tar-

gets of interest. In manuscript #3, the medulla, the capsule and the total tissue volume 

including measurements of erythrocyte-filled blood vessels were solely reconstructed 
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based on tissue autofluorescence (M3: Figure 3). In manuscript #2, the discrimination be-

tween tumor and surrounding tissue hinged mainly on autofluorescence. Furthermore, 

the overall volume measurements of the heart muscle and the observations of cardiomy-

ocyte directionality in manuscript #1 also relied on autofluorescence. Similarly, Abadie et 

al. recently reported the discrimination of different layers of human skin based on auto-

fluorescence alone177. Stacks of optical slices depicting autofluorescence provide a label-

free overview of the sample, similarly to hematoxylin/eosin staining but lacking infor-

mation on the nucleus. However, assessment of tissue autofluorescence requires anatom-

ical knowledge and typically does not allow identification of different cell types. One ex-

ception are distinctly shaped cardiomyocytes (M1: Figure 2b). 

4.1.4. NIR dyes for deep imaging in pigmented tissue 

Despite tissue bleaching, residual melanin may cause illumination and emission shad-

ows during LSFM imaging, as shown in manuscript #3. However, since the anti-tumor sig-

nal (Melan-A) was measured within the near infrared (NIR) spectrum the detection of the 

tumor mass within the pigmentation shadow was possible. In general, imaging with 

shorter wavelengths in the blue spectrum (488 nm) results in more scattering and imag-

ing artifacts compared to longer wavelengths from the red or NIR spectrum (650 – 900 

nm). This is because shorter, energy-rich wavelengths are more prone to be absorbed and 

scattered by molecules much smaller than the actual wavelength (Rayleigh scattering), 

which limits tissue penetration150. Therefore, important signals should be imaged within 

the NIR window, in which light scatter and absorption occur less frequently, allowing 

deep tissue imaging150. 

Besides circumventing autofluorescence, scatter and tissue absorption, there is a sec-

ond reason to image melanoma-related markers in the NIR window. Melanin is typically 

reported to have a peak in light absorption around 405 nm, with fluorescent characteris-

tics of its oxidated state elicited by 470 nm, while emitting around 540 nm207,208. This 

knowledge is utilized by spectral absorption or fluorescence spectroscopy to quantify 

melanin content. Interestingly, Huang et al. reported that cutaneous melanin is also able 

to fluoresce after excitation with NIR light of 785 nm wavelength209. Using melanin pres-

ence alone to detect melanoma in SLNs yielded a 100% sensitivity but only a 48 – 62% 

specificity in the past210. Therefore, melanin fluorescence itself might be considered as a 
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failsafe in case of strong pigmentation or problems with antibody penetration. On the one 

hand, melanin fluorescence should be principally quenched using peroxide bleaching and, 

consequently, a melanin-derived fluorescence signal was absent in non-stained lymph 

node controls carrying melanoma. However, we cannot exclude that melanin fluorescence 

in non-quenched pockets with surviving pigmentation is contributing to obtained Melan-

A signals in the NIR channel. Importantly, follow-up histology revealed clusters of both 

pigmented and non-pigmented Melan-A+ cells, and both were detected by LSFM (M3: Sup-

plementary Figure 5). Interestingly, not all pigmented cells were Melan-A+, which might 

be attributed to the heterogeneity of melanoma metastases82. 

4.1.5. Algorithms, quantitative analysis and computational load 

4.1.5.1. Introduction of RAYhance 

Even after autofluorescence attenuation, signal heterogeneity of different tissue re-

gions like fat, LN stroma, or bleed-ins with high density of erythrocytes, remains high (M3: 

Supplementary Figure 1). Thus, a strictly linear digital display might conceal significant 

information. In order to display multiple entities of different signal intensities within one 

image, we introduced RAYhance, a multiscale contrast compression algorithm. Using 

RAYhance, instantaneous and simultaneous examination of LSFM images was possible, 

even when opened in ordinary image display software. There are published algorithms 

available, dealing with image heterogeneity, like the “surface extraction algorithm”176. An-

other histopathologically relevant example is the virtual generation of hematoxylin and 

eosin slides out of a nuclear and a cytoplasmatic staining211, which has also been imple-

mented for LSFM optical slices176. However, solutions applied in research are often in no 

format for easy introduction into pathology. A pathologist’s time is limited, and imple-

mentation of different subsequent algorithm modules is not likely to be on their schedule. 

Furthermore, the background knowledge needed to implement algorithms or to adjust 

them to specific needs is not commonly distributed. The curriculum of neither biologists 

nor histopathologists covers information technologies (IT) and programming exten-

sively203, which is why plug-and-play solutions like RAYhance must be introduced. 

RAYhance in its current state is not yet ready to be used in routine diagnostics, though. 

When applied to autofluorescence alone, RAYhance produced extraordinary results and 

allowed for the simultaneous assessment of all SLN structures. It also allowed automatic 
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segmentation of tissue volume. However, it also introduced noise in regions where signal 

is typically absent, such as the imaging medium. Furthermore, RAYhance rendered all 

small contrasts visible. In channels with specific staining, such as CD3 staining for T cells, 

RAYhance processing resulted in an increased background of unstained tissue, such as the 

capsule. This makes 3-D quantification of specific cell types based on simple signal inten-

sity thresholds impossible. The benefit of RAYhance in its current state is the fast and re-

liable generation of browsable histo-like data sets that do not need further adjustments. 

Generally, algorithms need to undergo thorough inspection to test their rigor and perfor-

mance before they can be used as a basis for diagnosis. 

This, however, lies in the future. We have established a potential diagnostically rele-

vant workflow and thus also identified its major weak spots. The transfer of the procedure 

from basic research and method development to a standard of care methodology will have 

to include automation of sample processing and imaging as well as algorithm develop-

ment and easy-to-handle image analysis. 

4.1.5.2. Quantitative analysis in the 3-D space  

LSFM has been used in seminal papers in the past to describe and visualize organs and 

organisms from a mesoscopic point of view for the first time, often lacking quantification 

or replication of the underlying data171 (in this case also due to the rare samples). This 

highlights that observation and thorough description of biological samples from the 

mesoscopic perspective alone yields enough fundamental information of the underlying 

system. Furthermore, software tools for easy 3-D analysis were either not equipped to 

work with the amounts of data or were not user friendly for a large proportion of biolo-

gists203. In this thesis, as well as in the above-mentioned paper by Belle et al. published in 

the beginning of 2017 in Cell, the software IMARIS (Bitplane) was used to visualize, seg-

ment and quantify all datasets. The in total 24 new IMARIS releases and major updates 

between November 2014 and the end of 2019 emphasize the tremendous need to update 

existing code previously focused on confocal microscopy in order to meet the arising need 

of LSFM212.  

Nevertheless, only a few segmentations, like the overall heart muscle or tissue volume, 

were performed with automatic surface generation algorithms alone. Counting neutro-

phils in the heart muscle was done using the IMARIS spot function based on a manually 
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determined intensity threshold. However, this algorithm underestimates the amount of 

cells present in high density clusters where discrimination between cells is not easily 

achieved and resolution (6.5 µm in screening mode) as well as image depth (equals the 

light sheet thickness of approximately 12.5 µm for most cases) are too low or high, re-

spectively. The use of higher magnification would solve the local counting problem, while 

simultaneously yielding a smaller FOV which introduces the need for tiling, causing more 

photobleaching and requiring even more algorithm-based applications, such as stitching.  

Thus, most objects were segmented manually, using simple 3-D tracing and contour 

tools. While producing a high accuracy, manual tracing introduces operator variability 

(M1: Figure 4b). Furthermore, it is a tedious and time-consuming job, with man-hours 

ranging from 15 min (e.g. rough capsular surface, M3: Figure 3c) and days (follicles and 

germinal centers) to multiple weeks (vessel tree segmentation, M1: Figure 3d) per sam-

ple. Therefore, we are currently engaged in the development of algorithms based on arti-

ficial intelligence or machine learning to identify structures of interest, like follicles, 

lymph node capsule or Melan-A+ cells. Here, using RAYhanced datasets for analysis may 

represent an advantage due to the reduction of image variability in increasing tissue 

depth and between samples. However, training these algorithms also takes substantial 

time and expertise. Furthermore, IT infrastructure must be equipped to handle and pro-

cess big imaging data, considering that 500 GB per patient, as mentioned in the data man-

agement plan (DMP) of manuscript #3 (see https://duepublico2.uni-due.de/re-

ceive/duepublico_mods_00070526), is likely to be expected when screening human SLNs. 

This involves high tech server structures203 with high end software-compatible graphics 

cards to be able to extract meaningful, quantitative information from these huge data sets. 

It also clarifies that projects need to be carefully planned and DMPs need to be devised to 

i) keep track of data, ii) decide when to delete or archive data, iii) identify bottlenecks in 

processing power and dataflow, and iv) meet all regulations regarding data protection. 

4.2. Biological and clinical insights due to tissue clearing & LSFM 

4.2.1. I/R injury assessment in 3-D 

The published BALANCE protocol allows monitoring of organ wide consequences fol-

lowing ischemia/reperfusion (I/R) injury. It is designed to make strongly autofluorescent 

https://duepublico2.uni-due.de/receive/duepublico_mods_00070526
https://duepublico2.uni-due.de/receive/duepublico_mods_00070526
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and/or pigmented and thus highly absorbing tissues150 amenable for quantitative LSFM1. 

Analysis of I/R injury in the murine heart demonstrated its applicability, but BALANCE is 

not restricted to that organ specifically. As shown in manuscript #1, murine liver or even 

human heart biopsies can be processed alike (M1: Figure 2). This broad applicability is 

combined with the fast i.v. antibody delivery route in mice, qualifying the protocol for 

routine high throughput analysis.  

4.2.1.1. Interpretation of CD31 negativity  

In manuscript #1, CD31 was used as an established endothelial marker213. However, 

other cells like neutrophils or T cells may also express CD31. Interestingly, neutrophils 

lose CD31 positivity once extravasated29 while CD31 on T cells is cleaved upon activa-

tion30. Yet, CD31 expression of immune cells seems to be weaker than of the endothelium, 

explaining why no CD31 expression on single cells except to continuous filamentous en-

dothelial structures was observed. 

In the paper, CD31 negativity after 24 hours of reperfusion was used to quantify the 

I/R injury. But what does CD31 negativity mean exactly? One interpretation would be that 

CD31 might be lost during the ischemic impact and subsequent inflammation of the epi-

thelium. In fact, there are reports supporting this view, showing that endothelial CD31 is 

rearranged and staining becomes weaker during inflammation in response to IFN-

gamma214 and TNF-alpha215. However, Hernandez et al. showed that ischemia in the brain 

is associated with microvascular loss by filling vessels with a non-specific marker. They 

reported reduced vessel densities, hinting to either vessel obstruction, collapse or loss 

rather than marker loss216. Furthermore, the reported selective “survival” of larger ves-
sels compared to loss of micro vessels could be confirmed in the heart muscle (M1: Sup-

plementary Figure 3a).  

After 5 days of reperfusion, vessel branching complexity, meaning the frequency of 

branches, was enhanced (CD31 curly) and the vessel length density was reduced (M1: 

Figure 5). This observation, restricted to the borders of the much smaller CD31-negative 

areas, hints at tissue neovascularization and thus supports the theory that CD31 negativ-

ity after 24 hours of reperfusion is associated with loss rather than obstruction or collapse 

of micro vasculature. Typically, the cardiac vascular network is highly structured, accom-
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panying elongated cardiomyocytes217. However, after 5 days of reperfusion, the direction-

ality of “curly” vessels is no longer in conformation with the surrounding intact myocar-

dium. Hence, the vascularization pattern is changed. This is most likely due to cardiomy-

ocyte death and enhanced myofibroblast presence starting from 4 days after insult49. 

All in all, CD31 negativity should be interpreted as a marker for an area in which blood-

flow is still obstructed through the loss or collapse of endothelial cells. This coincides with 

local ischemia and tissue damage. Consequently, CD31 negativity correlates with the es-

tablished TTC redox assay as well as physiological heart function parameters like ejection 

fraction (M1: Figure 4). Interestingly, tracing of CD31+ arteries also allowed visualization 

of different reactions of microvasculature after I/R injury. While perfusion of both, the 

dorsal and ventral side of the heart muscle below the occluding knot was restricted, only 

the ventral side exhibited CD31 negativity (M1: Figure 3). Only BALANCE/LSFM allows 

the identification of such important differences within the same heart, enabling follow-up 

and characterization of underlying mechanisms between these two different zones. 

4.2.1.2. Increasing experimental rigor through multiplexing 

Assessment of myocardial infarction parameters (AAR, I/R injury, remote zone) is typ-

ically achieved by tetrazolium chloride redox assay on crude, 2 mm thick slices, which still 

allows determination of immune cell location on thin sections by further processing. Since 

working with 2-D slices yields only an excerpt of the situation, quantitative analysis of 

immune cells within the entire heart is typically done using flow cytometry. This in turn 

leads to a complete loss of the localization context. Overall, the analysis of the impact a 

certain drug has on both, myocardial infarction parameters and immune cell quantity and 

localization requires at least two separate animal cohorts (M1: Supplementary Table 3). 

Besides an overall reduction in time and expense, using the BALANCE/LSFM approach, 

fast quantitative analysis of all these parameters is possible, which contributes to experi-

mental rigor and reproducibility218. Intra-individual comparisons are possible and the 

overall need for animals is reduced, which additionally serves the 3R principle219,220. 



Discussion 

 

147 

4.2.2. Neutrophil-rich pockets downregulate local T cell cytotoxic poten-

tial in human SCC 

As mentioned above, quantitative flow cytometric analyses of tissues lose complex 

spatial information and do only provide indirect information about immune cell function-

ality. To assess cellular effector function capability, tumor tissue is typically digested, cells 

are purified and subsequent in vitro analyses like killing assays are performed. However, 

the microenvironmental cellular context is lost, which is comprised of cellular interac-

tions or regional cellular accumulations (reviewed here221). Also, the attribution of cells 

to larger but functionally different zones of the tumor tissue like the marginal zone, the 

tumor core or blood vessels, cannot be made. However, the spatial context of different 

immune cell subsets is crucial to understand their intra-tumoral function as well as their 

role in disease progression and related prognosis221-223. As an example, there is evidence 

that CD8+ T cell density within tumor tissue of oral SCC has a stronger positive effect on 

overall survival compared to T cell density of the surrounding stroma224. Furthermore, 

this study also showed that accumulation of FoxP3+ T regulatory cells within 30 µm from 

a CD8+ T cell in both tumor and stroma was associated with significantly reduced overall 

survival. In contrast, the FoxP3+:CD8+ ratio was not. However, mapping of the immune 

landscape was only possible using high-resolution microscopy on 2-D slices so far221,224. 

Consequently, application of tissue clearing and LSFM to human tumors now allow 3-D 

mapping of immune cells throughout large biopsy samples in situ. Therefore, in manu-

script #2, tissue clearing and LSFM analysis was instrumental to uncover differentially 

dominated or mixed tumor areas referring to TAN or TIL presence in human tumors. Close 

proximity of TAN+ for CD66b, LOX-1 and arginase-I with cytotoxic T cells was coincidental 

with lowered expression of GrzB and Ki67 of TIL in human SCC2.  

In humans, TIL presence in tumors is typically associated with positive progno-

sis222,223,225 while enhanced presence of TAN is a negative predictor in many cancers 98,226 

despite their established anti-tumor functions105,227. Along these lines, the intra-tumoral 

CD66b-positive neutrophil-to-CD8-positive T cell ratio (iNTR) alone is proposed as a 

prognostic factor in non-small cell lung cancer, with a high iNTR being associated with 

higher relapse rates and lowered overall survival228. Furthermore, it has been described 

that LOX-1 might be a marker for immunosuppressive PMN-MDSCs, not being expressed 
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by neutrophils derived from peripheral blood of healthy patients but present in 5-15% of 

neutrophils in circulation derived from cancer patients. LOX-1+ neutrophils have an im-

munosuppressive MDSC phenotype and are enriched (15-50% of neutrophils) in tumor 

tissues229. Arginase-I+ neutrophils have also been described to be immunosuppressive, 

but it is questionable whether ARG-1 expression alone conveys an immunosuppressive 

phenotype98. Importantly, the description of immunosuppressive N2 TAN is mainly de-

rived from research focusing on mice, while research focusing on the immunosuppressive 

functions of PMN-MDSCs in humans is typically restricted to the analysis of different frac-

tions of the peripheral blood229,230. The findings in manuscript #2 therefore allow rare 

insights into local cellular hotspots and potential interactions of tumor associated im-

mune cells within the human tumor microenvironment. Here, CD3 density within 25 µm 

from CD66b+ LOX-1+ neutrophils was significantly higher compared to LOX-1 negative 

cells, suggesting a higher clustering efficiency. Moreover, the presence of CD66b+ and 

CD66b+ LOX-1+ neutrophils in the tumor core was confirmed to correlate with poor prog-

nosis in OSCC and LSCC. This was in contrast to the elevated presence of cytotoxic GrzB+ 

proliferating (Ki67+) T cells, which was associated with high overall survival. Further-

more, T cells in close proximity to LOX-1+ arginase-I+ TANs exhibited lower expression 

of Ki67 and Grzb, suggesting a local downregulation of T cell function. A lack of activation-

markers like Grzb has been also previously described to hint towards immunological ig-

norance, a state in which T cells become unable to respond properly to tumor221,231. 

However, a caveat of tissue clearing is its inherent end-point nature. As a trade-off for 

sample clarity, the sample must be fixed prior to processing. Therefore, direct evidence 

for impaired cytotoxic T cell function cannot be gathered by staining fixed tissue. T cell 

effector function is characterized by mobilization and exocytosis of cytotoxic granules, 

releasing their contents which in the end leads to tumor cell death232. This active process 

might only be shown either ex-vivo, loosing microenvironmental cues, or by using intra-

vital microscopy, as discussed below.  

Nonetheless, the proximity-dependent decrease of proliferation-associated markers 

like Ki67 argue in favor of a TAN dependent suppression of, at least, T cell proliferation. 

It is known that cytotoxic T cells can proliferate in the tumor microenvironment. Prolifer-

ation might be impaired during T cell exhaustion or via other cells of the tumor environ-

ment including tumor cells, tumor-associated macrophages or regulatory T cells233-235. Of 

note, a positive correlation of APC-like HLADR+ TAN with TIL proliferation could also be 
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confirmed, highlighting the ambivalent character of different TAN subsets in the tumor 

environment236. 

4.2.3. Diagnostic potential of LSFM in SLN analysis 

In manuscript #3, we showed the capability of tissue clearing and LSFM in precisely 

describing and quantifying metastases in human lymph nodes, which has a vast potential 

to improve precision of patient staging. It is known that the tumor burden correlates neg-

atively with melanoma-specific survival141. The burden is typically assessed in one dimen-

sion, measuring the diameter of the largest tumor accumulation within the available 

slices. In 2009, van Akkooi and colleagues proclaimed that the ideal way to analyze SLN 

metastatic load would be in 3-D. However, such methods would be associated with high 

inter-observer spread and complicated calculations, referring to sequential 2-D section-

ing and analysis182. Thus, the LSFM approach described in manuscript #3 represents a 

long-craved tool to exactly assess 3-D tumor spread within SLN, quantify volumetric ex-

tend as well as determine location and size of multiple metastatic foci. Furthermore, it 

yields detailed biological information on the cellular environment and local LN architec-

ture, such as proximity to important anatomical structures. Rigorous follow-up will thus 

allow the search for new predictive markers that might enhance prognosis accuracy. One 

known example is the tumor position relative to the capsule. Here, tumors with different 

microanatomical locations than subcapsular clustering were associated with 22% non-

sentinel node involvement, while subcapsular metastases were not associated with non-

sentinel node involvement at all183. The location context, along with the possible identifi-

cation of diverse other diseases like lymphoma are reasons why the SLN should not be 

dissociated to be merely analyzed via PCR or flow cytometry to detect melanoma cells. 

Besides quantification and localization of metastases, LSFM analysis revealed metas-

tases not detected by gold standard FFPE histopathology, thus underlining the potential 

of this procedure in identifying patients with smaller metastases. However, in contrast to 

the location and size as important prognostic factors, the clinical relevance of sub-micro 

metastases <0.1 mm is debated due to the risk of overtreatment237. On the one hand, the 

American Joined Committee on Cancer announced 2017, that there is no unequivocal ev-

idence that a lower size cutoff for staging-irrelevant metastasis exists141. On the other 

hand, patients with small metastasis foci in their SLN between 0.01-0.2 mm (which would 
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be part of stage III, since N stage is >0) had a similar 10-year melanoma specific survival 

than patients of stage IB (without any detectable metastases), with 96% and 94%, respec-

tively. Nevertheless, the three metastatic foci of the patient missed by routine histopathol-

ogy exhibited volumes of 0.013, 0.011 and 0.006 mm3 and thus cannot be considered sub-

micro metastases (M3: Figure 5). As a reference, the volume of a sphere with 0.1 mm di-

ameter is 0.0005 mm3 and the volume of a cube with 0.1 mm edge length is 0.001 mm3. 

The difference between detection efficiency of current gold-standard histology and de-

bated relevance of sub-micro metastases is therefore quite large and associated false-neg-

ative patient diagnosis by routine histopathology could be consequently circumvented. 

Thereupon, it is obvious that LSFM analysis would indeed lower the technical false-

negative rate of SLN analysis, allowing more patients access to potentially life-prolonging 

therapy. However, it is interesting to speculate whether this higher overall discovery rate 

of metastases in SLN would also impact melanoma-specific survival rates. It seems logical 

that by identification and treatment of patients that would have not been considered for 

therapy otherwise, undetected disease progression would be hindered. However, Welch 

et al.135 reported that the introduction of skin-screening programs also led to a steady 

increase in identified primary melanomas without affecting melanoma specific mortality 

(1986-2001). One interpretation of this phenomenon could be that a strong increase in 

melanoma incidence was met with an equally strong rise in treatment quality, preventing 

an increase of disease-related mortality. However, this seems to be unlikely over a long 

period of time. Another explanation could be prolonged periods of disease dormancy, so 

that an effect on mortality would only be visible after multiple decades. Whether LSFM 

analysis has a more profound impact on disease development and mortality in times of 

checkpoint blockade can therefore only be determined in the future. 

4.3. Outlook 

4.3.1. BALANCE/LSFM – the future of a research tool 

4.3.1.1. Establishment of additional markers for mice and man 

In terms of methods, more flexibility is always better. Therefore, one of the first goals 

should be the establishment of cell death markers like phosphatidylserine238 that would 
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directly facilitate the identification of “true” tissue damage compared to indirect I/R in-

jury measurement via CD31 negativity. The visualization of other immune cells like mac-

rophages or T cells, even in the context of other adverse myocardial events, such as myo-

carditis, would be helpful. Furthermore, the restriction of i.v.-mediated antibody delivery 

to stain surface markers might be eventually overcome using newly evolving concepts like 

TransMabs. These antibodies are able to penetrate living cell membranes and can thus 

target intracellular proteins185,239. Furthermore, small molecule markers to stain extracel-

lular DNA etc. could be injected i.v., circumventing the uncertainty of sufficient tissue pen-

etration depth197. Since unsuccessful translation of therapeutics is thought to be due to 

mouse studies43, BALANCE/LSFM can also be used to understand the effects of therapies 

on the immune cells localization within human biopsies. 

4.3.1.2. Investigating the nature of CD31 negativity after I/R injury 

The BALANCE/LSFM approach is the perfect tool to investigate different aspects of I/R 

injury. To determine the nature of CD31 negativity, filling experiments using unspecific 

tracers such as FITC-albumin216 or lectins would give us an idea if vessels are open or 

collapsed. Furthermore, the assessment of CD31 negativity over time would be important 

to closely characterize and possibly elucidate the nature of the phenomenon. We know 

that after 24 hours of reperfusion, CD31 negativity is much larger compared to 5 days 

after reperfusion. But what about the onset of reperfusion? Preliminary results suggest 

that the initial CD31 negative volume 5 min post reperfusion nearly equals the area at risk 

(data not shown). This can be interpreted in a way that the microvasculature is either 

completely blocked or collapsed and opens only after a certain amount of time. Interest-ingly, this might also be linked to the “no-reflow” phenomenon, which is defined as inad-
equate myocardial perfusion without angiographic evidence of mechanical vessel ob-

struction240. Amongst others, I/R injury may lead to no-reflow through different mecha-

nisms. One example is the theory that blockage of capillaries occurs due to leukocyte plug-

ging (reviewed here241). Leukocyte blockage of capillaries should also be quantifiable us-

ing the BALANCE/LSFM approach. 
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4.3.1.3. Altering neutrophil recruitment kinetics  

Initial neutrophil surge into recently ischemic tissue is adverse but so is the depletion 

of neutrophils43. Too many neutrophils at once cause irreversible bystander damage 

while neutrophil absence is associated with impaired resolution of inflammation, adverse 

remodeling and decreased cardiac function43,55. Corticosteroids have even been con-

nected with rupture due to insufficient healing242. Therefore, strategies that limit neutro-

phil extravasation but do not completely exclude entry might be successful in reducing 

infarct severity. Indeed, blocking E/P selectin reduced severity of stroke in nonhuman 

primates243 and a clinical trial of the P selectin antagonist inclacumab including 544 pa-

tients revealed significant reduction of myocardial damage following percutaneous coro-

nary intervention in 2016244. It would be interesting to validate these findings using BAL-

ANCE/LSFM and analyze potential changes in neutrophil distribution patterns. 

4.3.2. Multiplexing to enhance precision  

The data published in manuscript #2 strongly hint towards immunosuppressive prop-

erties of TAN. However, there are various marker-associated problems that enhance the 

difficulty of data interpretation. 

4.3.2.1. Marker-associated problems 

In general, Ki-67 has been established as a proliferation marker over decades. Alt-

hough it is known that its functions during cell cycle are diverse, the exact mechanisms of 

action are not well understood. Nevertheless, it is established that KI-67+ cells belong to 

an actively dividing pool245,246. 

In humans, it is difficult to determine the sole biomarker to identify neutrophils. Alt-

hough CD66b expression is commonly used as a marker to quantify neutrophils in flow 

cytometry or tissues101,228, CD66b expression is not exclusive for neutrophils as eosino-

phils express CD66b as well. However, the significant findings of manuscript #2 were re-

lated to LOX-1 co-expression. Importantly, LOX-1 expression in PMNs was not reported 

to be elevated in eosinophil-associated diseases like eosinophilic colitis, and no enrich-

ment of eosinophils was found in LOX-1+ or LOX-1- PMN populations, respectively110.  
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Another issue is that CD3+GrzB+ cells are not necessarily cytotoxic CD8+ T effector 

cells. In the circulating pool, there are also CD4+ T cells that are expressing granzyme B 

and a strong increase of GrzB expression was demonstrated under differentiation stimuli 

towards T regulatory 1 cells in vitro247. In manuscript #2, a small fraction of CD4+ cells 

was also found to be GrzB+ and, interestingly, CD66b+LOX-1+ TAN presence and conju-

gation downregulated both Ki67 and GrzB expression in CD4+ as well as CD8+ T cells (M2: 

Figure S3). 

In both cases mentioned above, the availability of more markers per slide would in-

crease precision, e.g. Siglec-8 for eosinophils. With the advent of multiplexing strategies 

that allow assessment of >30 markers on a single tissue slice, like the CODEX system248, 

in-depth analysis of the immunological tumor microenvironment should be possible. 

However, this will also increase the level of complexity of data interpretation, highlighting 

the need for automatic parameter assessment. In the case of 3-D LSFM analysis, the re-

striction to currently 3-4 channels is even more limiting and multiplexing strategies have 

to be identified in the future. 

4.3.2.2. Showing T cell effector function in 3-D samples 

GrzB expression alone is demonstrating the potential of an effector cell to kill target 

cells, but the process of granule release and subsequent target cell death alone validates 

effector function.  

Therefore, assessment of CD8+ T cell effector function in fixed samples can only be 

indirect. One way to tackle this problem using fixed samples would be staining of tumor 

cells, CD8+ T cells, CD66b+ LOX-1+ neutrophils together with a marker for apoptosis. In 

its simplest form, this could be a DNA marker, allowing determination of chromatin con-

densation. Using multiplex enhanced LSFM analysis, the rate of apoptotic tumor cells in 

the vicinity of CD8+ T cells could be determined and compared between dominated CD8+ 

T cell regions and mixed regions. With high-resolution microscopy on cleared tissue, also 

conjugation events of CD8+ T cells with tumor cells in the different immunological com-

partments would be possible. These interactions could be followed up by correlative slice-

based histology or electron microscopy, visualizing recruitment of granules. All in all, this 

would characterize the situation in more detail, adding to the indirect evidence for cyto-

toxic T cell function. 
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Another challenging approach without destroying the tumor microenvironment by 

e.g. dissociation could be to incubate a fresh human biopsy ex vivo, staining T cells, tumor 

cells in addition to non-cell permeable DNA dye to perform in situ microscopy, assessing 

live killing rates of T cells within small FOVs of the entire sample. Subsequently, the tissue 

samples could be analyzed using LSFM microscopy and killing rates assessed by intra-

vital microscopy could be correlated with LSFM findings. However, such complex ap-

proaches are typically not feasible for larger cohort studies. 

4.3.2.3. Towards new therapies 

In general, neutrophils have proven to be a valuable target for mediation of enhanced 

anti-tumor T cell responses. Hence, different approaches aim on either completely remov-

ing neutrophils from the system by antibody-mediated depletion194 or the prevention of 

neutrophil migration into the tumor249. However, neutrophil depletion or impairment of 

neutrophil migration is potentially harmful considering secondary infections12. There-

fore, identification of specific markers associated with a pro-tumor TAN phenotype like 

LOX-1110 might pave the way to selective inhibition of negatively associated TAN func-

tions while keeping positive effects and host-defense intact. 

4.3.3. LSFM implementation in SLN diagnostics 

So far, we have developed a workflow comprised of tissue clearing, LSFM and 

RAYhance that allowed robust analysis of diagnostic human samples6. For translation of 

LSFM to routine clinical diagnostics, additional steps in protocol development must be 

made.  

4.3.3.1. Marker dependency and protocol speed 

LSFM analysis and tumor detection efficiency are only as good as the specificity and 

sensitivity of the tumor detection marker in use. To be clear, if Melan-A-based LSFM re-

sults obtained with the same antibody clone are correlated with follow-up Melan-A FFPE 

histology, the technical false negative rate of the histological assessment can still be de-

termined, and the aim of the study can be reached. However, since melanoma and espe-

cially melanoma metastases display a high degree of heterogeneity, multiplexing strate-



Discussion 

 

155 

gies need to be established enabling the use of multiple melanoma markers simultane-

ously. The Melan-A antibody used in this study is reported to have a detection sensitivity 

of melanoma metastases of around 71-88%. Melan-A staining is also not exclusively spe-

cific for melanoma. Therefore, a combination with other antibodies e.g. detecting S100 

proteins, might yield a more robust result (summarized by Weinstein et al.82).  

Furthermore, in order to process samples fast and reliably, the different steps of the 

whole-mount protocol need to be automated (M3: Supplementary Table 3). This could 

save up to 20 minutes of handling time per sample and 32 hours of overall processing 

time considering the entire LSFM module. During this process, sample quality might be 

monitored using ultrasound time-of-flight analysis, which might further reduce excess in-

cubation times while assuring robust sample dehydration and clearing250. With added 

process automation and speed for both wet-lab and in silico processes, LSFM might be 

implemented in routine diagnostic procedures someday. 

4.3.3.2. LSFM SLN analysis might provide access to adjuvant therapies 

The study itself with a planned participant number of 130 melanoma patients will 

have to continue to elucidate the exact potential of LSFM analysis to reduce technical 

false-negative rates. If this histological false-negative rate is indeed 10-20% as our pre-

liminary results and other studies suggest251, LSFM analysis might be the desired tool to 

drastically lower overall clinical false-negative rates of SLN analysis in melanoma as well, 

which are reported to be between 5-20%143,252,253. To clarify, a clinical false-negative find-

ing is a patient with a negative SLN that develops metastases in the same lymph basin, 

whereas histological (technical) false-negative findings are SLNs that are deemed nega-

tive due to insufficient node analysis but contain unnoticed metastases. Nevertheless, 

lower technical false-negative rates would allow the treatment of patients otherwise ex-

cluded from therapy. 

Beyond melanoma, it is to be expected that analysis of SLN in other cancer entities will 

also reduce technical false-negative rates. Analysis of these biopsies will most likely be 

associated with less optical interference due to the absence of melanin in tumors, and a 

higher tumor detection efficiency and specificity due to availability of better markers. 

Consequently, the developed protocol should be applied to other cancer entities, which 

rely on SLN biopsies as a gold standard for staging like breast cancer254, head and neck 
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cancer255 or colorectal cancer256, to only name a few. This would demonstrate broad ap-

plicability and therapeutic benefit of multiple patient cohorts. Thus, LSFM-based SLN 

analysis might be recognized by clinicians as a new tool improving patient care and, sub-

sequently, the procedure might be established as a standard of care in clinics. 
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6. Appendix 

6.1. Supplementary Material  

6.1.1. Manuscript #3: LSFM in melanoma diagnostics - Unpublished 

 



Supplementary Table 1: Patient characteristics  
 

 

Abbreviations: m = male; f = female; L = left; R = right 

Patient (P) with 

sentinel lymph 

node (S) 

Sex 
Age in 

years 

Melanoma tumor 

depth (TD) in mm 

Localization 

melanoma 

Localization sentinel 

lymph node excision 

P1 / S1  f 41 3.74 cheek ( L ) cervical ( L ) 

P1 / S2 f 41 3.74 cheek ( L ) cervical ( R ) 

P2 / S3 f 67 1.32 thigh ( L )  inguinal ( L ) 

P3 / S4 m 69 2.1 chin ( R ) submandibular ( L ) 

P3 / S5 m 69 2.1 chin ( R ) submandibular ( R ) 

P3 / S6 m 69 2.1 chin ( R ) cervical ( L ) 

P4 / S7 f 56 1.6 gluteal ( R ) inguinal ( R ) 

P4 / S8 f 56 1.6 gluteal ( R ) inguinal ( R ) 

P4 / S9 f 56 1.6 gluteal ( R ) inguinal ( R ) 

P5 / S10 m 59 2.2 capillitium ( R ) nuchal ( R ) 

P5 / S11 m 59 2.2 capillitium ( R ) cervical ( R ) 

P5 / S12 m 59 2.2 capillitium ( R ) cervical ( R ) 

P6 / S13 f 51 1.1 scapula ( R ) axillar ( R ) 

P6 / S14 f 51 1.1 scapula ( R ) axillar ( R ) 

P6 / S15 f 51 1.1 scapula ( R ) supraclavicular ( R ) 

P7 / S16 m 61 1.9 neck ( R ) cervical ( R ) 

P8 / S17 m 78 2.0 capillitium ( R ) cervical ( R )  

P9 / S18 m 55 7.2 back axillar ( R ) 

P9 / S19 m 55 7.2 back axillar ( L )  

P10 / S20 m 38 1.9 thigh ( R ) inguinal ( R ) 

P11 / S21 f 51 1.8 lower leg ( L ) inguinal ( L ) 



Supplementary Table 2: Tissue statistics and diagnostic results per patient. 

 

Patient 
Quantity of 

SLNs 

Tissue 
sectioning Total samples for 

processing 

Signal positivity detected in  
pieces/ of total pieces/SLN 

Indication in 
pieces/of total pieces/SLN 

SLNs 
cut 

Pieces 
LSFM and 

Histo 
LSFM 
only 

Histo 
only 

Capsular 
nevus 

Tumor 

#1 2 0 0 2 0 0 0 0 0 

#2 1 1 4 4 0 0 0 0 0 

#3 3 0 0 3 0 0 0 0 0 

#4  3 2 10 11 3/6/1 0 0 3/6/1 0 

#5 3 1 2 4 0 0 0 0 0 

#6 3 3 12 12 0 0 0 0 0 

#7 1 1 4 4 0 0 0 0 0 

#8 1 0 0 1 0 0 0 0 0 

#9 2 2 30 30 5/12/1 0 0 0 5/12/1 

#10 1 1 11 11 0 1/11/1 0 0 1/11/1 

#11 1 1 23 23 0 0 0 0 0 
                    

Sum 21 12 96 105 8/18/2 1/11/1 0 3/6/1 6/23/2 
 

Abbreviations: SLN = sentinel lymph node; LSFM = light sheet fluorescence microscopy; Histo = gold standard routine histopathological 

assessment 

Additional information: SLNs cut: 57%; average pieces per cut SLN: 8; LN per patient: 1.9 



Supplementary Table 3: Sample preparation time of SLN analysis and LSFM module for 

melanoma diagnostics 

Block Procedure 

Hands-on time* per 

sample 

in minutes 

Protocol time# per 

sample 

in hours 

Routine 
1 

Formaldehyde fixation 0.5 24 

Sum 0.5 24 = 1d 
    

W
h

o
le

 m
o

u
n

t 
a
n

d
 

ti
s

s
u

e
 c

le
a

ri
n

g
 

EORTC conform cutting 6 0.1 

Permeabilization 0.5 120 

Dehydration/Bleaching/Rehydration 4 22.5 

Blocking/ whole mount staining 1 120.5 

Wash 1 8 

Dehydration 2 16 

Clearing 1 6 

Sum 16 293.1 = 12.2d 
    

Imaging 
& 

transfer 

LSFM imaging 5-40 1-3 

Declarification/Rehydration 3 18 

Sum 8-43 19-21 
    

Routine 
2 

Paraffination 1 11 

Embedding, Slicing, Staining 15-30 3 

Sum 16-31 14 
 

* = Handling time per simple volume change approximately 30 sec., hands-on time LSFM is 

without imaging time 

# = minimal protocol time, neglecting overnight incubations, weekends etcetera. In reality, the 

light sheet approach from post-fixation to rehydration took around 15.5 d. The routine block 

1+2 without LSFM and discarding gap sections ideally takes 2 – 3 d in total, yet, in clinical 

routine, processing times until final histological diagnosis typically reach 10 working days. 

Preserving the gaps, sequentially cutting the lymph node pieces took another 30 min – 2 h per 

piece. 

Abbreviations: SLN = sentinel lymph node, LSFM = light sheet fluorescence microscopy 
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Supplementary Figure 1: Algorithm-enhanced LSFM autofluorescence signal for 

anatomical sample overview 

(a) Within one LSFM optical slice based on autofluorescence excited with 561 nm and 

detected at 595/40 nm, there are immense intrinsic signal intensity differences. While 

fatty tissue exhibits a low autofluorescence, erythrocytes in vessels or within the tissue 

(bleedings) have a very high autofluorescence signal, even after bleaching the sample. 

Therefore, the simultaneous display of all information contained within the data is 

difficult. (b) Using RAYhance, a multiscale contrast compression algorithm, the 

simultaneous display of all features of the optical slice becomes possible. The obtained 

data is similar to H&E stainings but lacking morphological information on nuclei. No 

prior knowledge is needed to handle the data since for display the full 16bit range can 

be used. (c) Enlargement showing raw data and RAYhanced data with fat, LN tissue 

and an erythrocyte-filled blood vessel in close proximity. Abbreviations: C = capsule, 

E = erythrocytes, F = fatty tissue. Scale bar values in µm.  
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Supplementary Figure 2: RAYhance – a multiscale compression algorithm for 

simultaneous display of LSFM data with high signal intensity spread 

Displayed are two examples of how RAYhance enables easy display of LSFM data: 

(a) the “hidden” metastasis and (b) the capsular nevus, Figures 5 and 3, respectively. 

The upper panel of images are raw data of LSFM optical slices, below are the 

algorithm-enhanced versions. Specifications of the look up table (LUT) are detailed 

below the images. Min = lower cut-off - pixels with this value and below are shown as 

black, Max = upper cut-off - all pixels with this value or above are shown as saturated, 

G = gamma – defines the linearity of the relationship between actual image intensity 

values and the brightness of the displayed image (linearity is 1). See also 

Supplementary Video 3. Scale bars in µm. 
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Supplementary Figure 3: LSFM analysis allows subsequent 

immunohistochemical formalin-fixed paraffin-embedded (FFPE) gold standard 

stainings 

Macroscopic images and correlating H&E and immunohistochemical analysis (anti-

S100 red, anti-MelanA red) of the same subcutaneous melanoma metastasis after (a) 

fixation in 4% PFA, (b) peroxide-based bleaching and (d) staining, clearing and light 

sheet fluorescence microscopy analysis. (c) Algorithm-enhanced LSFM MIPS (three 

subsequent optical slices) of sample histopathologically processed in (d). Images of 

the upper row were taken at screening resolution of 2x, enlargements below referring 

to white rectangles at 6.4x magnification. Tissue autofluorescence (cyan), CD3 

(magenta) and tumor marker MelanA (green) are depicted in single channels and as a 

merge. This staining panel was later used for SLN diagnostic screenings. FFPE slices 

of the whole-mount stained LSFM sample could be re-stained for MelanA using the 

same antibody clone (d). Scale bar values in µm, squares in macroscopic images 1x1 

mm. 
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Supplementary Figure 4: Unspecific cutting-edge MelanA artifact 

(a) From left to right four small healthy human lymph nodes (hLNs) were either used 

without physical manipulation or sliced (with microtome blade) and pierced (with 

needle). The uncut LN was stained using the anti-MelanA AF790 (green) and anti-CD3 

AF647 (magenta) staining panel, yielding minimal background (upper left). Cut LNs 

were stained in the MelanA channel (excitation (Ex) 785 nm, detection filter (Det) 

835/70 nm), from left to right with PBS, unbound AF790 and normal MelanA AF790. 

All samples were stained with anti-CD3 AF647. Unspecific anti-MelanA staining 

accumulated at the cutting edges whereas anti-CD3 staining remained unperturbed. 

(b) Maximum intensity projection (MIP) of the whole sample corresponding to the 

optical slice shown in (a). Scale bar values in µm. 
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Supplementary Figure 5: Infrared (IR) dye enables imaging of tumor through 

residual pigmentation 

Metastasized sample S18-12 showed macroscopic colorization after clearing despite 

autofluorescence-attenuation protocol. In (a), the impact of pigmentation on LSFM 

imaging is shown. In one row, RAYhanced optical slices of a certain tissue depth are 

shown, consisting of a merge and the single channels: autofluorescence (cyan), anti-

CD3 signal (magenta) and anti-MelanA signal (green). Above the first column, 

showing, from top to bottom, optical slices of increasing tissue depth, the direction of 

the incoming light sheets (LS) is noted. The approximate borders of the merge zone 

(M) are depicted by two dashed white lines. Illumination shadows (IS) in form of stripe 

artifacts can be seen in all channels. These shadows have their origin at some 

pigmented MelanA positive cells (pM), while others seem to be non-pigmented (npM). 

There are no shadow artifacts associated with an erythrocyte-filled major blood vessel 

(V), showing the efficiency of the bleaching protocol. Deeper within the tissue, the 

shadow artifact consist of two components, the illumination and the emission shadow 

(ES). Consequently, there is signal absence in the autofluorescence and the T cell 

channel (hole). Despite the residual pigmentation blocking emission light it was 

possible to obtain a weak but contrasted anti-MelanA signal in the blocked zone (white 

dashed shape, middle row, right image) using an infrared fluorophore. (b) Afore 

described situation shown with optical slicers in three dimensions. (c) Segmentations 

of the anti-MelanA signal (green) the shadow volume (purple) based on the 

autofluorescence channel and the blood vessel (orange) based on erythrocyte filling. 

(d) The partial retention of pigment observed in LSFM can also be assessed in follow-

up FFPE sections showing a high amount of pigmented cells. Most cells are either 

MelanA positive (red arrow) or contain pigment (brown arrow), but some are also 

double positive (black arrow). For further explanations, see Supplementary Note 1. 

Scale bar values in µm.  

 

 

  



Supplementary Note 1: LSFM artifacts and their interpretation – concerning 

tumor detection through residual pigmentation 

There are multiple artifacts one can encounter in light sheet fluorescence microscopy 

(LSFM). Since the samples are three-dimensional, assessing their nature can be quite 

challenging. Therefore, we describe some of the LSFM background knowledge to be 

able to interpret the shown datasets. 

Sample overviews made with LSFM are typically obtained by illuminating the sample 

with light sheets (LS) from two sides perpendicular to the objective.  

One reason for this is that the sample will always scatter the light, no matter how clear 

it becomes. Therefore, in general, the illumination (and the emission) signal will be high 

at the border of the sample and become lower (more scattered) with increasing sample 

depth. Illuminating the sample from two sides thus enables imaging of thicker samples 

while homogenizing the signal intensity throughout the sample. However, this means 

that per optical slice, two images are taken. One from the right and one from the left 

side. These images can be saved independently, but mostly they are directly fused 

together in a predefined merge zone. Hence, stripe artifacts (illumination shadow, IS) 

obtained from illuminating e.g. pigmentation from one side are therefore fading out in 

the middle of the sample, where the information is blended with the signal obtained 

from the illumination of the LS from the other side, where there is no corresponding 

shadow.  

If there are multiple shadows (mostly three) originating from one point in the image, 

the optical slice was illuminated using multiple differentially angled LS from the same 

side. We use this technique in order to minimize striping artifacts, reducing the shadow 

of e.g. a small erythrocyte filled vessel. However, this technique will not work when a 

large cluster of pigmented cells obstructs the light.  

Finally, there is the third dimension to consider: observing a shadow can also mean 

that the region is well illuminated, but the emission light is blocked on its path towards 

the objective (emission shadow, ES).  

Detecting melanoma metastasis even when some pigmentation withstands the 

bleaching step is of high importance for the clinical application of LSFM. Using infrared 

fluorophores like AlexaFluor 790 seems to be one solution, since we were able to 

detect MelanA positive cells that were situated in both, the IS and ES seen in the 

autofluorescence channel (Supplementary Figure 5, Supplementary Video 8). 

  



Supplementary Video 1: An entire human LN in 3-D based on autofluorescence 

An entire human lymph node (LN) reconstructed from 2-D optical LSFM slices imaging 

tissue autofluorescence only. Imaris’ (Bitplane) blend mode was used for 

reconstruction. Autofluorescence of two channels are shown: i) excitation (Ex) 488 nm 

and detection filter (Det) 525/50 nm displayed as green and ii) Ex 561 nm, Det 595/40 

nm displayed as gray. Display description in upper left corner, scale bar (lower left) 

displays µm values. 

Supplementary Video 2: Interplay of melanoma and T cells in a human LN (hLN) 

Example of simultaneously visualizing tissue autofluorescence (cyan), anti-CD3 

staining (magenta) and anti-MelanA staining (green). LSFM optical slices have been 

algorithm-enhanced using RAYhance (RH). Quantification of the tumor volume using 

automatic segmentation is shown as a green 3-D model. Display description in upper 

left corner, scale bar (lower left) displays µm values.  

Supplementary Video 3: RAYhance for browsable histo-like data stacks 

Example of the usage and benefits of the multiscale contrast compression algorithm 

RAYhance (RH). Tissue autofluorescence (cyan), anti-CD3 staining (magenta) and 

anti-MelanA staining (green) are shown as LSFM optical slices first as raw data, later 

as a RAYhance-processed version. Display description in upper left corner, scale bar 

(lower left) displays µm values. See also Supplementary Figures 1 and 2. 

Supplementary Video 4: From 2-D to 3-D – a capsular nevus 

Exemplary 3-D data reconstructions created from 2-D LSFM optical slices. White 

arrows mark intracapsular MelanA positive cells. Both raw and RAYhanced (RH) data 

are shown. Display description in upper left corner, scale bar (lower left) displays µm 

values. 

Supplementary Video 5: From 3-D to quantification – segmentation of a capsular 

nevus 

Example of how segmentations were used to quantify general tissue volume (including 

extracapsular fat, cyan), capsule surrounded LN tissue (white/gray), anti-CD3 staining 

(magenta) and intracapsular anti-MelanA signal (green). Display description in upper 

left corner, scale bar (lower left) displays µm values. 



Supplementary Video 6: Anatomical and cellular LN architecture 3-D quantified 

This video highlights the quantitative power of our LSFM approach, only using three 

channels: tissue autofluorescence, anti-CD3 and anti-MelanA. From these, we derive 

seven parameters which are: total tissue volume, total LN volume, medulla, total T 

cells, follicles, germinal centers (GCs) and MelanA volume. Follicles can also be 

subdivided into primary (without GCs) and secondary (with GCs), which differ 

significantly in size (Fig. 3). For all information on colors see display description in 

upper left corner. Scale bar (lower left) displays µm values.  

Supplementary Video 7: 3-D quantification of melanoma 

Subsequent videos of all five metastasized LN pieces (S18-01 / 02 / 09 / 10 / 12) of 

patient 9. First, the outline of the capsule and the volume of the LN tissue within is 

shown (white to gray), then the segmentation of the MelanA positive cells (green). Note 

that in the video concerning S18-12, a blood vessel (orange) is reconstructed based 

on erythrocyte-filled vessels. The MelanA positive cells grow in close proximity. Display 

description in upper left corner, scale bar (lower left) displays µm values. 

Supplementary Video 8: Tumor detection through pigmentation 

Video explaining nature of the shadow artifacts accompanying residual pigmentation 

within a lymph node (piece S18-12). It also highlights that the infrared anti-MelanA 

signal can be detected through pigmentation, whereas other signals are blocked. 

Segmentation of the shadow (purple) is based on the lack of signal in the 

autofluorescence channel. Shadow artifacts do not originate from close by erythrocyte-

filled vessel (segmentation is orange). For more information, see Supplementary 

Figure 5 and Supplementary Note 1. Display description in upper left corner, scale bar 

(lower left) displays µm values. 

Supplementary Video 9: LSFM detects “hidden” metastasis 

Video featuring a region of interest taken 6.4x magnification showing the upper part of 

the two MelanA positive events detected in a LN piece that was found negative by gold 

standard histopathological assessment (Figure 5). Vessels were segmented using 

Imaris segmentation algorithm. RH = RAYhance. Display description in upper left 

corner, scale bar (lower left) displays µm values. 
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Creative Commons license, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons license and your intended use 
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obtain permission directly from the copyright holder. To view a copy of this license, visit 
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6.2.2. License for manuscript #2 

 

Note, that permission is only granted for the accepted manuscript version, not the pub-

lished version, as available online. 
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6.3. Personal remarks on multidisciplinary teams 

If utilizing and implementing new imaging techniques, it is of high importance to rec-

ognize the value of multidisciplinary teams, now more than ever. Biological knowledge in 

a field is acquired over a long period of time and so is detailed knowledge of method de-

velopment and insights into microscopy. Combining these skill sets in teams assures quick 

adaptation of existing methodology to the problem at hand. Furthermore, visualization 

and analysis of large data sets requires expertise, not only in using specialized software, 

but also in coding, machine learning or artificial intelligence. In my opinion, many re-searchers still behave like “do it yourself” is the only way one can assure the absolute 
correctness of projects. This also explains headlines of articles like: “Want to make it as a biologist? Better learn to code”257. However, this mostly leads to unnecessary pluralism, 

like different names for the same thing or special methods or codes in different labs, hin-

dering comparability258. Also, researchers who are meant to work on a project alone are 

frequently overwhelmed by the detailed knowledge their projects require in multiple 

fields, which adds to the always existing pressure to publish. The attitude that “it is just another method” leads to technological errors, loss of time and motivation. Of course, 

there are tumor researchers that can code and have a huge background in both micros-

copy and image analysis. Most likely, however, these skills are not combined. This applies 

not only to microscopy but also to big data science and science in general. Researchers 

from many fields (data scientists, physicists and philosophers) are required to go forward 

in biology. 

Therefore, I was honored to work side-by-side with so many enthusiastic people, to 

share knowledge and to advance science. It is this collaborative atmosphere that is often 

lacking in biology. Science is all about progress. And progress is most easily achieved 

when working together, being open-minded and attentive to other fields and influences apart from one’s own. 
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