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ABSTRACT   

Lung cancer causes the most cancer-

related deaths worldwide, whereby its 

subtype, non-small cell lung cancer (NSCLC), 

affects the most patients. Lung cancer 

treatment often fails due to late and 

insufficient tumor detection. Furthermore, 

spatial tumor heterogeneity has an effect on 

the treatment response. Insight into potential 

differences in spatial tumor heterogeneity can 

be assessed using histological and 

immunohistochemistry (IHC) approaches. 

Therefore this study re-evaluated and 

optimized the histological and IHC staining 

process aiming to acquire the highest quality 

images when digitizing these stained tissue 

slides. All experiments were performed on 

healthy murine tissue pending the tumor tissue 

obtained from the Kras/Lkb1 mouse model. 

First, several cell-specific makers, such as CK7 

(epithelial component) and CD34 (blood 

vessels), were assessed to map the tumor and 

its microenvironment. Secondly, the clearing 

agents NeoClear and UltraClear, safer 

alternatives for Xylene, were studied. Xylene, 

NeoClear, and UltraClear were compared 

based on (1) hematoxylin and eosin (H&E), (2) 

Masson's trichrome (TCM), (3) 3,3'-

diaminobenzidine (DAB)-based IHC, as well 

as (4) immunofluorescent analysis. All stained 

tissue slides were visualized using whole-slide 

imaging. At this moment, no conclusions can 

be made for the comparison of different 

clearing agents based on the used staining 

techniques. Furthermore, implementing 

additional markers, which visualize other 

tumor-associated cells, will allow the mapping  

 

 

of the entire tumor microenvironment in 

future research. In summary, further 

optimization of the clearing agents and the 

implementation of other cell-specific markers 

are necessary to gain insight into spatial tumor 

heterogeneity.  

 

 

INTRODUCTION 

Lung cancer  

Prevalence and risk factors – Lung cancer is 

the global leading cause of all cancer-related 

deaths. In 2020, this accounted for about 1.8 

million deaths worldwide [1-3]. In Belgium, lung 

cancer is responsible for the most deaths before 

the age of 75 [4]. Furthermore, it is the most 

frequently diagnosed cancer; it accounts for 

approximately 12.4% of all cancer diagnoses [1, 

2]. Several risk factors play a role in the 

development of lung cancer, such as smoking, 

radiation, air pollution, and exposure to metals 

and asbestos. Smoking is the principal risk factor 

contributing to lung cancer development. [1, 5]. 

In a complex interplay with environmental 

factors, it accounts for approximately 90% of all 

cases. Moreover, inhaling second-hand smoke 

increases the risk of lung cancer by about 20 to 

30% [2, 6].  Additionally, genetic factors can also 

play a role in lung cancer development [2, 7]. 

Mutations in several genes, such as Kirsten rat 

sarcoma (Kras) or liver kinase B1 (Lkb1), can 

affect protein synthesis leading to a disruption in 

the cell cycle and the start of the carcinogenic 

process [2, 8]. Although different risk factors can 
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be associated with lung cancer development, the 

pathophysiology remains poorly understood.  

 

Subtypes – Lung cancer encompasses two 

main types: small cell lung cancer (SCLC) and 

non-small cell lung cancer (NSCLC). SCLC 

develops in the central airway and is 

characterized by a disruption of DNA repair 

mechanisms, resulting in rapid tumor progression 

[9]. NSCLC, on the other hand, is the least 

aggressive form and is hallmarked by enlarged 

cancer cells compared to SCLC. Additionally, a 

slower growth pattern is observed in NSCLC 

[10]. This study will focus on NSCLC, which 

affects about 85% of all lung cancer patients [2]. 

NSCLC derives from the epithelial cells of the 

central bronchi towards the terminal alveoli, 

which can develop into different subtypes of 

NSCLC. These subtypes are correlated with the 

site of origin and are classified into 

adenocarcinoma (ADC, lung periphery, ~48%), 

squamous cell carcinoma (SCC, central lung or 

bronchi,  ~28%), and large cell carcinoma (LCC, 

lung periphery or central lung, ~24%) [1, 9, 11-

14]. Within this research, the focus will be on 

ADC and SCC and their intermediate form, 

adenosquamous cell carcinoma (ADSCC) (Fig.  

1) [10]. These different forms can be 

distinguished based on histological features [1]. 

More specifically, ADC arises from epithelial 

cells in the bronchial glands and represents 

different growth patterns, including a lepidic, 

acinar, papillary, micropapillary, and solid 

pattern. Lepidic refers to mucinous and 

nonmucinous tumor cells along alveolar walls, 

whereas acinar is tumor tissue arranged in tubules 

and consists of cuboidal cells resembling 

epithelial cells of mucosal glands. The papillary 

and micropapillary growth pattern refers to bigger 

or small papillae structures. Lastly, closely 

packed tumor cells are observed in the solid type 

[5, 15]. Furthermore, ADC is the most prevalent 

form in non-smokers [5, 16]. In contrast to ADC, 

SCC often develops in the central part of the lung 

or the bronchi. In this subtype, the squamous 

cells, which are flat cells lining organs, are 

affected. In this case, smoking is the main cause 

of cellular transformation. Moreover, SCC  also 

shows intercellular bridges and keratinization, 

including the formation of keratin pearls [17, 18]. 

Lastly, the ADSCC has histological 

characteristics from both the ADC and SCC. 

Since biopsies mostly contain only features from 

either ADC or SCC, diagnosis of this mixed form 

is challenging. Furthermore, the tumor is only 

classified as ADSCC when each component 

contains at least 10% of ADC and SCC, according 

to the World Health Organisation classification. 

Besides, the very low incidence of ADSCC, it is 

an aggressive form of NSCLC with a poor 

prognosis [10].   

 

Diagnosis and current therapies – Although 

there are different subtypes of NSCLC, their 

treatment plan is similar and includes surgery, 

radiotherapy, chemotherapy, immunotherapy, or 

targeted therapy [12, 19]. Despite these several 

therapy options, lung cancer treatment often fails 

due to late and insufficient detection and 

diagnosis of the tumor. Lung cancer is diagnosed 

via several imaging tests, such as computed 

tomography scans, sputum cytology, and biopsy 

analysis [20]. At this moment, hematoxylin and 

eosin (H&E) staining is used as a gold standard in 

hospitals to diagnose lung cancer in tumor 

biopsies. Additionally, a panel of markers can be 

used to validate the diagnosis [21, 22]. Thyroid 

transcription factor (TTF1) and cytokeratin 7 

(CK7) are markers for epithelial cells, indicating 

ADC. TTF1 plays an essential role in the 

morphogenesis of the healthy lung, but also in 

lung cancer. It influences the growth of tumor 

cells and their metastasis via downstream genes 

 

Fig.  1 – Lung cancer classification. Lung 

cancer is classified into two main subtypes: 

non-small cell lung cancer (NSCLC) and small 

cell lung cancer, whereby NSCLC affects 85% 

of all patients. Moreover, NSCLC can be 

subdivided into three types: adenocarcinoma 

(ADC), squamous cell carcinoma (SCC), and 

large cell carcinoma. This research focuses on 

the ADC and SCC. A mixed form of these 

types, referred to as adenosquamous cell 

carcinoma, is also included. Figure made in 

BioRender. 
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such as the epidermal growth factor receptor 

(EGFR)[23, 24]. CK7 is coexpressed during the 

proliferation and differentiation of stratified 

epithelial tissue indicating its role in cancer 

development [25, 26]. To distinguish SCC, P40 

and P63, which indicate epithelial cells, were 

visualized [22, 27]. The growth and development 

of ectoderm structures, specifically myoepithelial 

cells, are shown by P63 [27]. Furthermore, 

overexpression of P63 in stratified squamous 

epithelium leads to cell proliferation and survival. 

Additionally, apoptotic and senescence processes 

are inhibited [28]. A P63 isoform, P40, also 

indicates epithelial cells in SCC. This isoform is 

also involved in proliferation and differentiation 

but shows a higher sensitivity and specificity for 

SCC than P63 [22]. Nevertheless, biopsy analyses 

are labor-intensive and time-consuming. 

Therefore, this research project aims to facilitate 

this diagnostic process and establish a more 

accurate diagnosis and treatment plan by studying 

tumor heterogeneity as a potential biomarker.   

 

Tumor heterogeneity  

Definition and types – One of the ongoing 

challenges within drug development and lung 

cancer treatment is tumor heterogeneity, referring 

to a broad spectrum of differences within the 

tumor microenvironment [29, 30]. Tumor 

heterogeneity affects cancer development, 

progression, and evolution. Furthermore, Wu et 

al. described that tumor heterogeneity influences 

the survival of patients suffering from ADC [31, 

32]. The first type of heterogeneity is intertumoral 

heterogeneity, which indicates the tumor 

microenvironment differences between cancer 

patients. In contrast, intratumoral heterogeneity 

refers to the variations of cell types within one 

tumor [33]. Another form of heterogeneity is 

temporal tumor heterogeneity, which includes the 

evolution of the tumor over time. Furthermore, 

spatial tumor heterogeneity is referred to the 

difference in cell types and their organization 

within the tumor microenvironment. Various cell 

types, such as tumor cells, endothelial cells, 

neurons, etc., can be present within this 

microenvironment [34]. This research aims to 

gain insight into the spatial tumor heterogeneity 

of NSCLC subtypes. Mapping of this spatial 

tumor heterogeneity can, among others, be 

assessed using histological and 

immunofluorescent (IF) approaches [31, 35].  

 

 

Assessment of the spatial tumor 

heterogeneity – Here, histological stainings 

provide an overview of the cell morphology in the 

tissue. This is important since the cell 

morphology degrades when using IF-based 

staining methods to map the tumor. As mentioned 

above, various markers are used to distinguish 

cancer subtypes. However, other cell types must 

be included to acquire total overview of the tumor 

and its microenvironment. For example, 

pancytokeratin detects a panel of different CKs in 

various epithelia of different tumors [36]. 

Moreover, tumors that did not derive from 

epithelial cells are more likely negative for 

pancytokeratin [37]. Furthermore, 

vascularization plays an essential role in tumor 

growth and metastasis. More specifically, this 

process ensures tumor cells to be provided with 

nutrients, oxygen, and growth factors. These 

vascular structures can be visualized by CD34, a 

transmembrane phosphoglycoprotein of vascular 

endothelial cells . It is suggested that CD34 has a 

role in cell adhesion, cell differentiation, and 

proliferation [38-40]. Besides blood vessels, 

nerves can also play a role in the metastatic 

spreading of the tumor [40]. Markers, such as beta 

3-tubulin, can specify neurons due to its role in 

neuronal differentiation [41]. Furthermore, lymph 

vessels and nodes are the initial sites of cancer 

metastasis. To map these vessels, podoplanin, a 

transmembrane receptor glycoprotein expressed 

in the lymphatic endothelium of normal tissue, 

can be used [42, 43].  

 

Currently, both histological and 

immunohistochemical (IHC) methods are 

essential for the characterization of spatial tumor 

heterogeneity using digital pathology. Re-

evaluation of these staining methods is crucial to 

obtain an optimal protocol for digitization. 

Different steps must be performed before 

executing histological and IHC stainings on the 

tissue of interest. First, fixation is conducted to 

preserve and protect the tissue structure from 

degradation. Afterward, water needs to be 

extracted by dehydrating agents, like ethanol, to 

harden the tissue. The next essential step of tissue 

processing involves embedding [44]. Here, a 

clearing agent prepares the tissue for 

impregnation with paraffin [45]. Finally, the 

tissue can be sliced and placed on a glass slide to 

start staining [44]. The tissue must be 

deparaffinized with clearing agents that remove 

paraffin to perform stainings. [45]. The most 

widely used clearing agent is Xylene. Xylene is 
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carcinogenic and toxic, which can result in 

irritation of the eyes, skin, and respiratory tract. 

Furthermore, it can also cause unconsciousness 

and possible death due to respiratory failure [45]. 

Therefore, safer alternatives such as NeoClear 

and UltraClear are emerging. Previous research 

by Alwahaibi et al. showed that UltraClear, which 

is less toxic and harmful to the environment, has 

promising deparaffinized and pre-embedding 

properties. However, further studies are 

necessary [45, 46]. NeoClear is another 

alternative clearing agent. This product 

evaporates more difficult than Xylene, resulting 

in less health hazards [47]. In addition to these 

histological and IHC approaches, other research 

groups used mass spectrometry or sequencing 

methods to determine tumor heterogeneity [32]. 

However, since this research aims to gain insights 

into spatial tumor heterogeneity, the focus will be 

on the previously mentioned staining techniques. 

 

Preclinical mouse model  

The Kras/Lkb1 mouse model to investigate 

NSCLC – To investigate the spatial tumor 

heterogeneity of different NSCLC subtypes, at 

first a preclinical mouse model is used due to the 

preciousness and high variability of human tumor 

samples. The Kras/Lkb1 mouse model 

recapitulates the NSCLC pathology elegantly. 

More specifically, this transgenic mouse model 

reproduces all different subtypes of NSCLC. It 

demonstrates nicely the transdifferentiation of 

ADC towards SCC with ADSCC as the mixed 

subtype. This intermediate form is also observed 

in human lung cancer pathology 

[48].  Furthermore, the Kras/Lkb1 mouse model 

harbors two genes that also play a role in human 

lung cancer development [2, 49]. Kras is a 

frequently mutated proto-oncogene in NSCLC 

and regulates cell growth, proliferation, and 

survival via downstream signaling of the 

RAF/MEK/ERK pathway [50]. Consequently, 

mutations of Kras will lead to excessive cell 

proliferation and aid in this way in the 

development of lung cancer. This mutation is 

mainly observed in the ADC subtype [49]. 

However, this mutation can also occur in lower 

levels in the SCC class [49-51]. Several Kras 

mutations are present in lung cancer, such as 

KrasG12C, KrasG12V, and KrasG12D [52].  This study 

focuses on the heterozygous KrasG12D (KrasG12D+/-

) mutation [48, 52, 53]. Another common genetic 

alteration, present in about one-third of NSCLCs, 

is the mutation in the liver kinase B1 (Lkb1) gene. 

A loss-of-function mutation in this tumor 

suppressor gene will result in complications with 

cell polarity and energy metabolism [11, 48, 54, 

55]. Moreover, tumors with Lkb1 deficiency have 

rapid cell proliferation and are more likely to 

metastasize because angiogenesis is stimulated 

via the vascular endothelial growth factor 

(VEGF) pathway [54, 56]. Lkb1 mutations are 

observed in lung cancer patients with ADC, SCC, 

or ADSCC [11]. Previous research by Han et al. 

showed that homozygous Lkb1-deficiency (Lkb1-

/-) in mice accelerates cancer progression [11, 48]. 

Another advantage of this mouse model is that it 

allows the implementation of the Cre-Lox 

recombinase system [57].  

 

Cre-Lox recombinase system  – The Cre-Lox 

system is able to manipulate the DNA in a 

specific manner. Here, Cre-recombinase causes 

the recombination of two LoxP sites.  This action 

results in either gene activation, leading to a 

heterozygous KrasG12D+/- mutation and gene 

inactivation via the homozygous Lkb1-/- deletion 

[11, 57, 58]. The Cre-Lox recombinase system 

allows one to choose the time point of the tumor 

induction. Furthermore, Ji et al. described a clear 

indication of the specific time at which ADC, 

ADSCC, and SCC pathophysiology can be 

studied in Kras/Lkb1 mouse model. This would 

occur respectively at eight weeks, between eight 

and ten weeks, and ten weeks post-tumor 

induction [11, 57].   

 

Digital pathology  

Pathology is important in drug discovery and 

translational and clinical research programs.  It is 

also involved in disease classification, as seen in 

lung cancer diagnosis. These traditional 

pathology techniques, such as histological and 

IHC approaches,  have a low cost and high 

availability [59]. However, variations in staining 

methods between different laboratories and 

interpretation of the results remain challenging. 

This can lead to inconsistent diagnosis, which can 

influence the treatment plan of a patient. 

Therefore, digital pathology is a widespread 

emerging field in research and hospitals, since it 

improves efficiency of the pathological workflow 

[59]. Digital pathology includes various steps 

such as whole-slide imaging (WSI) and 

generation of artificial intelligence (AI) tools 

[60]. These tools will allows us to study a 

biomarker, like spatial tumor heterogeneity [59]. 

Furthermore, reduced variability in treatment 

plans and implementation of a faster and more 

accurate treatment plan in a shorter time period 
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are potential advantages using digital pathology 

[60]. Digitization of a tissue slide will provide a 

lot of information about the histological features, 

like cell morphology or cell types,  since this 

provides a  complete overview of the tissue slide 

[59, 60]. The aim of this research is the 

digitization of samples via WSI to generate a 

complete overview of the tissue slide. This allows 

studying the spatial tumor heterogeneity. 

However, to achieve digitized tissue slides, it is 

crucial to have an optimal staining procedure that 

is suitable for WSI.  

 

This research will optimize the histological 

and IF staining process since an optimal staining 

procedure is required for the digitization of tissue 

slides. First, different cell-specific markers will 

be tested using immunohistochemistry 

approaches. Both the 3,3'-diaminobenzidine 

(DAB)-based technique and the IF analysis will 

be performed. Next to specific markers, also an 

high quality clearing agent is necessary for 

optimal staining results. Here, hematoxylin and 

eosin (H&E) staining, visualizing the cell 

morphology, is used to compare different clearing 

agents. Additionally, a Masson's Trichrome 

(TCM) staining and immunohistochemistry will 

be performed.  An optimal staining protocol, 

whereby stained slides can be digitized using 

WSI, is aimed to achieve. The optimization of 

these procedures as well as its digitization 

protocol will pave the way toward the 

establishment of the potential tumor 

heterogeneity profile of the different NSCLC 

subtypes.  

 

EXPERIMENTAL PROCEDURES 

Preclinical mouse model  

Animal breeding and housing – The 

KrasG12D+/-/Lkb1-/- breeding line was granted by 

Prof. Dr. Grit Herter-Sprie (University of 

Cologne, Germany) and bred in-house (Biomed, 

Hasselt University, Belgium) (Fig S. 1) [57]. All 

mice were housed in an automatic 12:12 hour 

light:dark cycle. Furthermore, a standardized 

temperature between 20°C and 24°C and relative 

humidity between 40% and 60% was applied. 

They received drinking water and food pellets at 

libidum. All animal experiments were performed 

according to the guidelines and were approved by 

the Ethische Commisie Dierproeven of Hasselt 

University.  

 

 

 Genotyping – To select the mice with the 

correct genotype (KrasG12D+/-/Lkb1-/-), their 

genotype was determined using the KAPA Kit 

(KK7151-SIAL, Sigma-Aldrich) following the 

manufacturer’s protocol. Ear cuts were taken to 

collect a DNA sample of each mouse. Different 

primers were designed for Kras and Lkb1 (Table  

1). Furthermore, for Lkb1, two primer mixes were 

used. Lkb1 primer mix 1 determines whether this 

gene is homozygous (600 base pair, bp), 

heterozygous (200 bp and 600 bp) or wild type 

(WT; 200 bp). Additionally, Lkb1 primer mix 2 

indicates whether the sample is WT or mutant 

(200-300 bp). For Kras and Lkb1, different PCR 

protocols were performed (Table  1).  

 

 Tumor induction – The tumors were induced 

as described by DuPage et al. [61]. Female and 

male KrasG12D+/-/Lkb1-/- mice were anesthetized 

using a Nimatek (ketamine; 80 mg/kg)/Rompun 

(xylazine; 10 mg/kg) solution. A total dose of 5 

µl/g body weight was injected intraperitoneally. 

When the whisker reflex was absent, a solution 

with calcium (10mM; CaCl2; C1016 Sigma-

Aldrich),  minimal essential medium (MEM, 

M4655, Sigma-Aldrich), and Ad5CMVCre (2 x 

106 pfu/µl; Viral Vector Core University of Iowa) 

(Ad-Cre) was administered intranasally. This Ad-

Cre solution was incubated 20 to 30 min prior to 

administration to allow precipitate formulation. A 

total amount of 40 µl Ad-Cre solution, distributed 

in smaller droplets, was inhaled by each mouse 

(Fig S. 1). The health of the mice was observed 

daily, whereas the tumor growth was monitored 

by weekly body weight measurements. 

Table  1 – Overview of the primers mixes, 

PCR protocol and expected outcomes to 

determine the genotype of the Kras/Lkb1 

mouse model.  

bp, base pair; Kras, Kirsten rat sarcoma; 

Lkb1, Liver kinase B1; PCR, Polymerase chain 

reaction.  
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Stainings  

Immunohistochemistry  –  Healthy lung 

tissue and tissue from the kidney, prostate, and 

colon as positive control tissue were obtained 

from surplus mice and fixated for 24h with 4% 

paraformaldehyde (PFA, 4°C). Next, the tissue 

was embedded in paraffin using the following 

protocol:  
 

1. 2 x 75% ethanol – 1 h         4. 2 x Clearing – 1h  

2. 2 x 95% ethanol – 1 h        5. Paraffin 1 – 2h 

3. 3 x 100% ethanol – 1h       6. Paraffin 2 – 3h 

 

Tissue sections of 4 µm were obtained using 

the microtome. All the lung and control tissue was 

deparaffinized with two times Xylene (5 min), 

and rehydrated by a serie of decreasing ethanol 

concentrations (100%, absolute - 100%, 

denaturated - 100%, denaturated - 95% - 75%), 

and distilled water (2 min). For the IF-IHC 

staining, antigen retrieval with citrate buffer was 

performed to enable access for the primary 

antibody to the target protein. Furthermore, to 

avoid non-specific bindings of the antibody, a 

blocking step with pure protein block (XO-909, 

DAKO) was performed. Washing steps with 1x 

phosphate buffered saline (1x PBS) were 

performed between the different steps. The 

primary antibody was incubated overnight at 4°C. 

Table  2 provides an overview of the primary 

antibodies to visualize several cell types, such as 

nerves, epithelial cells, endothelial cells from 

blood and lymph vessels, stromal cells, and tumor 

cells. After incubation with the primary antibody, 

a fluorescent secondary antibody was incubated 

for 1 h (Table S.  1). DAPI was used to 

counterstain the nuclei. Again several washing 

steps with 1x PBS were performed. Mounting 

was accomplished using ProLung Antifade 

mountant (P36930, Invitrogen).  

 

When performing the DAB-IHC staining, a 

peroxidase blocking step was used before the 

primary antibody to block the endogenous 

peroxidase activity of the tissue (Table  2). 

Subsequently, to primary antibody incubation, 

the secondary antibody conjugated with 

horseradish peroxidase (HRP) was added (Table 

S.  2). Afterward, hematoxylin was used as a 

counterstaining to visualize the cell nuclei. Next, 

a washing step with tap and distilled water was 

performed. This was followed by dehydration of 

the tissue with an increasing serie of ethanol 

concentrations (75% - 95% - 100%, denaturated - 

100%, denaturated - 100%, absolute) 2 min each 

and Xylene (2 x 5 min). Mounting was performed 

with dibutylphthalate polystyrene xylene 

(DPX). All stained tissue slides were visualized 

using the Axio Scan.Z1 Slide Scanner  (ZEISS).  

 

Tissue processing – Xylene, NeoClear, and 

UltraClear were compared using H&E, TCM, 

DAB-IHC,  and IF-IHC staining methods on 

murine lung tissue. Embedding and 

deparaffinization were similar to the protocol 

described above, using different clearing agents. 

After deparaffinization with Xylene, NeoClear, 

or UltraClear, the slides were incubated in 

hematoxylin to visualize the nuclei. After several 

washing steps with tap and distilled water, eosin 

was used to stain the cytoplasm and extracellular 

matrix (ECM). This was followed by dehydration 

of the tissue with a serie of increasing ethanol 

concentrations (75% - 95% - 100%, denaturated - 

100%, denaturated - 100%, absolute) and the 

clearing agent. Finally, samples deparaffinized in 

Xylene, NeoClear, and UltraClear were mounted 

with DPX, Neomount, and Ultrakit, respectively. 

Furthermore, TCM staining was used to compare 

the three clearing agents. This staining method 

distinguishes cells from the surrounding 

connective tissue. Deparaffinization with a 

Xylene, NeoClear, or UltraClear was followed by 

incubation with different stains, specifically 

hematoxylin to stain the nuclei, ponceau to 

visualize the cytoplasm and ECM, and aniline 

blue to specify the connective tissue. Several 

washing steps with tap or distilled water are 

performed between these staining steps. Also, 

phosphomolybdic acid (1%) is used between 

Table  2 – Overview of the used primary 

antibodies (AB) to visualize specific cell 

types. 

 
ADC, adenocarcinoma; CK, cytokeratin; 

SCC, squamous cell carcinoma. 
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these staining steps. Acetic acid (1%)  incubated 

1 min prior to the dehydration. The slides were 

dehydrated and mounted, similar to the H&E 

protocol. Additionally, DAB-IHC and IF-IHC 

stainings were performed using beta 3-tubulin 

and podoplanin as markers. All steps are similar 

to the IF-IHC protocol despite the use of different 

clearing agents and mounting medium (AntiFade  

fluorescence mounting medium Abcam, 
ab104135). All stainings were digitized using the 

Axio Scan.Z1 Slide Scanner (ZEISS).  

 

Whole-slide imaging: Digitization of human 

samples  

Human NSCLC samples from the 

PROLUNG study were obtained from Ziekenhuis 

Oost Limburg (ZOL, Belgium). Both H&E and 

DAB-IHC tumor tissue samples were provided. 

All slides were digitized using the Axio Scan.Z1 

Slide scanner (ZEISS). The H&E and DAB-IHC 

slides were digitized using an optimized 40x 

objective and 20x objective brightfield scanning 

profile, respectively. These scanned images will 

be used for further processing with machine 

learning to develop AI algorithms. This will be 

enabled through collaboration with the Data 

Science Institute (DSI) of Hasselt University.  

 

RESULTS 

KrasG12D+/-/Lkb1-/- mouse model used for 

tumor induction – Before the tumor induction 

procedure, mice with the correct genes 

(KrasG12D+/-/Lkb1-/-)  are selected using 

genotyping. Fig.  2A is a representative image of 

the genotyping results of a mouse that meets the 

requirements to be included in the tumor 

induction procedure. The heterozygous LoxP-

stop-LoxP flanked Kras mutation is observed at 

350 base pairs (bp).  

 

 

 

 

 

 

 

 

Additionally, mice that are selected also 

need to harbor a double-floxed Lkb1 gene 

homozygously. Therefore a band at 600 bp and 

200-300 bp is observed for Lkb1 primer mix 1 

and 2, respectively.  Additionally, to validate the 

results of the genotyping, three control samples 

were included: a positive control sample (P) that 

is known to harbor the genes of interest, a WT, 

and a no template control (NTC) which lack DNA 

to ensure the PCR mix is not contaminated. Mice 

harboring the genotype of interest were used for 

tumor induction (Fig.  2B). The Ad-Cre solution 

was administered intranasally. After the tumor 

induction procedure, the health of the animals is 

monitored by, among other, the assessment of 

their body weight on a weekly basis. In Fig.  2C, 

the body weight of female (n=8) and male (n=10) 

mice is shown. Male mice have, in general, a 

higher body weight compared to female mice. 

Furthermore, body weight fluctuations are 

observed, whereby male mice show less 

fluctuations compared to the female mice in this 

study. In general, the body weight is stable five 

weeks post-tumor induction. However, female 

mouse 6 shows a decrease of 3 g in body weight 

one week after tumor induction. From week one 

to two, again, an increase of 3 g in body weight 

was observed in this mouse. Mice 1 and 4 showed 

a similar increase in body weight, respectively, 

between weeks one and two, and weeks two and 

three post-tumor induction. In all males, a similar 

body weight is observed, except for male mouse 

3, which has a slightly higher body weight. Male 

mice 6 to 10 show a bigger decreasing trend in 

body weight in the first week post-tumor 

induction compared to male mice 1 to 5. In male 

mice, also a stabilization of body weight is 

observed after week three.  
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Fig.  2 –Kras/Lkb1 lung cancer mouse model. A) Genotyping of Kras/Lkb1 mouse model to see 

whether a mouse harbor the genes of interest  (KrasG12D+/-/Lkb1-/- ). Mice that harbor the LoxP-stop-

LoxP Kras mutation heterozygously show a band at 350 base pair (bp). No band is observed for mice 

carrying this mutation wild type (WT). Furthermore, Lkb1 primer mix 1 indicates whether the double-

floxed Lkb1 gene is homozygously or heterozygously present. Moreover, it shows whether this is a 

wild type mouse. The Lkb1 primer mix 2 provides more information regarding the presence of the 

double-floxed Lkb1 gene. Consequently, mice that harbor the double-floxed Lkb1 gene homozygously 

show a band at 600 bp and 200-300 bp for primer mix 1 and 2, respectively. To ensure correctness of 

each genotyping experiment, three controls are included: a positive control sample (P), a wild type 

(WT), and no template control (NTC). B) Lung tumor induction in Kras/Lkb1 mouse model. The 

adenoviral-Cre solution (Ad-Cre)  consists of calcium chloride (CaCl2), minimal essential medium 

(MEM), and adenoviral Cre-recombinase particles. This solution needs to incubate for 20 to 30 min 

before intranasal administration. C) Weekly body weight assessment post-tumor induction. The body 

weight of mice was measured weekly as an indication to monitor the health condition of mice after 

lung tumor induction. The weight of the mice at the start of induction is indicated as week 0. The left 

graph shows the body weight of all induced female mice (n=8) until five weeks post-tumor induction. 

A big decrease from about 3 g is observed in female mouse 6. Furthermore, an increase of 

approximately 3 g is seen in female mice 1 and 6 between weeks one and two post-tumor induction. 

A similar increase is observed in mouse 4 between weeks two and three post-tumor induction. The 

right graph visualizes the body weight of male mice (n=10) until four weeks after tumor induction. 

Male mouse 3 has a relative higher body weight compared to the other male mice. Mice 6 to 10 show 

a bigger decreasing trend in body weight than mice 1 to 5. Male mice have a higher standard body 

weight compared to female mice. Stabilization of body weight is seen in all male mice and female 

mouse 1  three weeks after the tumor induction. Additionally, fewer body weight fluctuations were 

observed in male mice. Overall, all mice show relatively stable body weight.  

Kras, Kirsten rat sarcoma; Lkb1, Liver kinase B1.  
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Optimization of the staining protocol to map 

the tumor and its microenvironment  –  First, 

DAB-based IHC stainings were performed for 

each marker to test the binding affinity and 

specificity.  (Fig.  3A). To visualize the 

endothelial cells, the CD34 marker was used. A 

strong signal (brownish precipitate) of CD34 was 

observed in the blood vessels of the murine lung 

tissue. Additionally, a lower signal is observed 

between the alveoli, visualizing the microvessels 

in the lung. CK7 is tested in renal tissue to 

indicate epithelial cells. Here, epithelial cells of 

the loop of Henle are observed with a strong 

signal. Furthermore, a high signal of the P63 

marker was observed in the myoepithelial cells of 

the prostatic tissue. At last, a lower signal of 

pancytokeratin is observed in the bronchial 

epithelium of lung tissue.  

 

To map the tumor and its environment, 

fluorescent-based multiplex stainings will be 

performed in future research. Therefore, each 

marker was also tested in this setting. The results 

of this experiment are shown in Fig.  3B. For 

CD34 and CK7, the observed fluorescent signal 

using an Alexa Fluor 555 (AF555) is similar to 

the observed DAB signal. CD34 is observed in 

microvessels between the alveoli of the lung, 

whereas CK7 shows a strong signal in the Loop 

of Henle of the renal tissue. Furthermore, 

myoepithelial cells of the prostate are visualized 

using P63 with AF555. Despite the high signal for 

this marker in the DAB-IHC setting, a low signal 

and background fluorescence are observed in the 

immunofluorescence analysis. For 

pancytokeratin similar signal is observed in both 

methods. It showed a lower signal in the bronchial 

epithelium, using immunocytochemistry, which 

is also observed when using AF555. The low 

signal and observed fluorescent background of 

these last markers indicate the need for further 

optimization. The settings of the Axio Scan.Z1 

Slide scanner (ZEISS) to digitize the IF slides are 

shown in Fig.  3C. In supplemental Fig S. 2, the 

fluorescent signal of vimentin using AF555 is 

shown. Vimentin is expected to show the stromal 

cells in the murine colon. However, aspecific 

bindings are observed in the tubular glands of the 

murine colon. Therefore, further optimization of 

this marker is necessary.  

 

Besides the optimization of the cell-specific 

markers, also different clearing agents were 

compared to determine the clearing agent that 

leads to the best quality staining results. Xylene, 

NeoClear, and UltraClear were compared using 

both histological and IHC stainings. Fig.  4A 

demonstrates the comparison of the different 

clearing agents using an H&E staining. Here, 

Xylene-cleared tissue showed the most bright 

colors. In contrast, tissue cleared with NeoClear 

had a lower color intensity, and less contrast is 

observed between the hematoxylin and eosin 

stain. Moreover, NeoClear-cleared tissue appears 

to be more blurry, which makes it difficult to 

determine the cell morphology. Lastly, tissue 

cleared with UltraClear, has a higher color 

intensity than NeoClear-cleared tissue but is still 

less bright than the Xylene-cleared tissue. 

Additional to the H&E staining, a TCM staining 

is executed, visualizing the connective tissue 

(Fig.  4B). Here, the results of the different 

clearing agents are similar to the results of the 

H&E staining. Next to the histological stainings, 

also IHC techniques were used to compare 

Xylene, NeoClear, and UltraClear. Therefore, 

two different markers are implemented in this 

research. Beta 3-tubulin with AF555 is used to 

visualize nerves. The signal observed for the beta 

3-tubulin marker in both DAB-IHC and IF-IHC is 

similar for Xylene- and NeoClear-cleared tissue 

(Fig.  4C). In contrast, tissue cleared with 

UltraClear showed a lower intensity for both 

IHCs. The scan settings for immunofluorescent 

analysis with beta 3-tubulin vary between the 

clearing agents since they were set within the 

range of 5000-7000 for the white value obtaining 

the best quality images (Fig.  4E). The gain of all 

these digitized slides is the same, whereas the 

exposure time varies between the different 

conditions. The exposure time of UltraClear-

cleared tissue (80 ms) was higher compared to 

NeoClear-cleared tissue (70 ms) and lower 

compared to Xylene-cleared tissue (90 ms). The 

second marker is podoplanin-Cy3, which 

indicates the lymph vessels and nodes. Fig.  4D 

shows the IF staining of podoplanin  for each 

clearing condition. Here, for all three clearing 

agents, the same settings were used when 

digitizing the slides (Fig.  4E). Therefore, correct 

comparable signals between the clearing agents 

can be observed. The immunofluorescent staining 

with podoplanin shows less signal in the Xylene-

cleared tissue, but DAPI has a higher intensity for 

this clearing agent. Additionally, UltraClear-

cleared tissue has a lower fluorescent signal 

compared to the tissue cleared with NeoClear.  
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Fig.  3 – Optimization of various markers to map the tumor and its microenvironment in future 

research. All stainings are performed on murine tissue. A) First, a 3,3'-diaminobenzidine (DAB)-

based immunohistological (IHC) staining was used to determine the binding affinity and specificity 

of the primary antibody.  CD34 marker indicates the presence of endothelial cells in lung tissue. 
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A high signal is observed in blood vessels (black arrow), whereas a lower signal shows microvessels 

in the alveoli (red arrow). Cytokeratin 7 (CK7) shows a high signal for epithelial cells indicating the 

Loop of Henle in renal tissue. Furthermore, myoepithelial cells in the prostate are visualized using 

P63. Here, a high signal is observed. Lastly, pancytokeratin shows a lower signal, indicating epithelial 

cells in the bronchi of the lung. Magnification, 20x. B) Immunofluorescent (IF)-based IHC staining 

to indicate specific cell types. For all fluorescent stainings, an AF555 (red) is used to visualize the 

different cell types. DAPI (blue) is used as a counterstaining to specify the nuclei. CD34 and CK7 

show a fluorescent signal that is similar to the signal seen in the DAB-IHC staining. Although a high 

signal, using DAB-IHC, is observed for P63, the fluorescent signal is low, and a lot of background 

fluorescence is present. For pancytokeratin, a very low fluorescent signal is shown. Magnification, 

10x. C) Settings of the Axio Scan.Z1 Slide scanner (ZEISS) indicating the gain (%) and the exposure 

time (ms). These settings were used when visualizing the IF-IHC stainings.  
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Fig.  4 –  The comparison of the effect of different clearing agents using several staining 

techniques. All stainings are performed on murine lung tissue A) Hematoxylin and eosin (H&E) 

staining. Hematoxylin stains the nucleus blue/purple, whereas eosin stains the cytoplasm and 

extracellular matrix pink. Xylene-cleared tissue shows brighter colors compared to tissue cleared with 

UltraClear. This appeared, in its turn, brighter than NeoClear-cleared tissue. Additionally, it is more 

difficult to observe the cell morphology in tissue cleared with NeoClear. B) Masson's Trichrome 

(TCM) staining. The nucleus is stained with hematoxylin (blue/purple), whereas ponceau 

(pink/red)  is used to stain the cytoplasm and extracellular components. Additionally, aniline blue 

(blue) indicates connective tissue like collagen fibers. Here, the Xylene-cleared tissue has a higher 

color intensity compared to UltraClear- and NeoClear-cleared tissue. However, tissue cleared with 

UltraClear shows brighter colors than NeoClear-cleared tissue. Similar to the H&E staining, the cell 

morphology in NeoClear-cleared tissue is more vague, making it difficult to distinguish different 

structures.  C) Immunohistochemistry (IHC) approaches to visualize nerves using a beta 3-tubulin 

marker. For the 3,3'-diaminobenzidine (DAB)-based and immunofluorescence (IF)-based IHC 

staining, the Xylene- and NeoClear-cleared tissue show similar signals. The signal of both 

immunohistochemical approaches for UltraClear-cleared tissue is less intense compared to the tissue 

cleared with other clearing agents. In all fluorescent stainings with Alexa Fluor 488 (AF488, green), 

DAPI (blue) is used as counterstaining to visualize the nuclei. DAPI has a higher signal in NeoClear-

cleared tissue compared to than Xylene- and UltraClear-cleared tissue. Magnification, 10x. D) IF 

analysis of podoplanin-Cy3 (red) to indicate the lymph vessels and nodes. Xylene-cleared tissue has 

a lower intensity than tissue cleared with NeoClear and UltraClear. However, DAPI (blue) shows a 

brighter signal in the Xylene-cleared tissue compared to the other clearing agents. Magnification, 10x. 

E) Scan settings of the Axio Scan.Z1 Slide scanner (ZEISS) indicating the gain (%) and the exposure 

time (ms). These settings were used when visualizing the fluorescent stainings. For beta 3-tubulin, 

different scan settings are used for each clearing agent. The settings were applied for each clearing 

agent separately when a good signal was observed based on the white value (range 5000-7000). The 

gain is the same for all clearing agents, whereas the exposure time is higher for Xylene- (90 ms) and 

UltraClear-cleared tissue (80 ms) compared to tissue cleared with NeoClear (70 ms). Despite the 

higher exposure time in UltraClear-cleared tissue, the fluorescent signal is low. The scan settings for 

podoplanin are the same. This leads to a correct comparison of the fluorescent signal observd in the 

obtained images using different clearing agents.    

A, Alveoli; AD, Alveolar duct, AS; Alveolar sac, B, Bronchioli; R, Respiratory bronchioli; T, Terminal 

bronchioli; V, Vene.  
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Digitization of human NSCLC samples – 

Representative cases of the three different human 

NSCLCs, studied in this research, are shown in 

Fig.  5. A histological difference can be observed 

between the ADC and SCC, whereas the ADSCC 

looks like a mix of histological features from both 

the ADC and SCC (Fig.  5A). The ADC has a 

glandular structure. The bronchioles are lined by 

densely packed epithelial cells. Furthermore, 

tumor cells represent a large nucleus with 

prominent nucleoli. Different immune cells, such 

as alveolar macrophages and lymphocytes, are 

present within the ADC. In SCC, which arises 

from squamous epithelium, polygonal cells with 

intercellular bridges are observed. Furthermore, 

keratinization is shown in the form of a keratin 

pearl. In large SCC, necrosis is also present.  

 

 

 

 

 

 

 

 

 

 

 

Besides these histological characteristics, 

immunohistological differences are observed 

between the ADC and SCC. To visualize different 

cell type, DAB-IHC stainings were performed in 

the hospital using various markers. TTF1, CK7, 

and CK20 are markers that are used to distinguish 

the ADC. TTF1 and CK7 are expressed in the 

epithelial cells of the ADC (Fig.  5B). 

Nevertheless, a low TTF1 signal is observed in 

SCC since this marker is involved in the 

morphogenesis of the lung. To distinguish the 

SCC, P40 and P63 are the most commonly used 

markers. P40 and P63 expression is similar and is 

observed in myoepithelial cells of the SCC. A low 

signal of P40 is observed in the ADC epithelial 

cells.  
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Fig.  5 – Representative images of human non-small cell lung cancer (NSCLC). All samples were 

obtained from human NSCLC patients and digitized using Axio Scan.Z1 Slide scanner (ZEISS). A) 

Hematoxyline and eosin (H&E) staining of adenocarcinoma (ADC), squamous cell carcinoma (SCC), 

and adenosquamous cell carcinoma (ADSCC). Hematoxylin (blue/purple) indicates the nucleus and 

eosin (pink) stains the cytoplasm and extracellular matrix. The ADC shows glandular structures. The 

bronchioli (B) show epithelial cells that are closely arranged. A large nucleus with prominent nucleoli 

is observed in the tumor cells (T) of ADC. Alveolar macrophages (M) and lymphocytes (L) are shown 

within the tumor microenvironment. The SCC, derived from squamous epithelial cells, represents 

polygonal cells with intercellular bridges (I). Moreover, keratine pearls (K)  are observed within lung 

tissue. Here, also necrosis (N) is observed since this is a large SCC. ADSCC, their intermediate form, 

represents ADC derived as well as SCC-derived tumor cells. B) 3,3'-diaminobenzidine (DAB)-based 

immunohistochemical (IHC) expression of different markers indicating an NSCLC subtype. Thyroid 

transcription factor 1 (TTF1) and cytokeratin 7 (CK7) are expressed in the epithelial cells of ADC. 

Despite the fact that these markers are used to distinguish ADC, low expression of TTF1 is observed 

in SCC due to its involvement in the morphogenesis of the lung. The SCC can be determined using 

P40 and P63. The expression of these markers in myoepithelial cells is similar in SCC. Here, P40 also 

shows a low signal in the epithelial cells of ADC. Magnification, 5x. A, Alveoli; S; Tumor stroma.   
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DISCUSSION 

NSCLC affects 85% of all lung cancer 

patients  [2]. Regardless of the various treatment 

options available, they still often fail due to late 

and insufficient tumor detection [12, 19]. This 

indicates the need for a potential biomarker to 

facilitate the diagnostic process and determine a 

more accurate treatment in a shorter time period. 

Spatial tumor heterogeneity is known to play a 

role in cancer progression and treatment response 

[32]. This will be investigated as a potential 

biomarker in future research by our group. To 

determine the spatial tumor heterogeneity, 

histological and IHC approaches will be used in 

combination with digital pathology. Therefore, 

this research aimed to optimize the histological 

and IHC staining procedures on murine tissue 

before digitization using WSI. Eventually, this 

optimization and digitization will lead to the 

ability to map the heterogeneity of NSCLC 

tumors and their microenvironment in future 

research.  

 

First, various markers were tested to indicate 

the presence of specific cell types. 

Immunohistological stainings were executed on 

murine lung tissue and positive control tissue, 

including the kidney, prostate, and colon, 

depending on the marker. Optimal results were 

observed for CD34 on lung tissue and CK7 on 

renal tissue for both DAB-based and IF-based 

IHC stainings. Aulakh et al. also described 

positive results for CD34 using IF techniques 

(AB81289, dilution 1:500). However, in their 

research, a higher concentration of this antibody 

was used to visualized blood cells. Another 

difference is the use of cryosections in their 

research whereas our study uses tissue embedded 

in paraffin [62]. For CK7, similar results for 

DAB-based IHC staining are accomplished by 

Drusian et al. using murine renal tissue. However, 

they did not show any IF-based results for CK7 

[63]. Next to CD34 and CK7, also P63 and 

pancytokeratin showed a strong signal for Dab-

IHC stainings in prostatic and lung tissue, 

respectively. However, for IF analysis, further 

optimization is necessary for P63, 

pancytokeratin, and vimentin markers. More 

specifically, for pancytokeratin, only a low 

fluorescent signal is observed despite the use of a  

high concentration (1:50 dilution). A possible 

optimization step is using an even higher 

concentration of pancytokeratin or another 

fluorescent antibody. Martineau et al. showed a 

high signal for a DAB-IHC approach using sheep 

lungs.  Furthermore, a very low concentration  of 

pancytokeratin (M3515, 1:1000) is used in this 

study. Nevertheless, they did not show any IF 

analysis [64]. For P63, a lot of background signal 

was observed for the FM-IHC approach. 

Research from Cheng et al. showed similar results 

in prostatic tissue for the DAB-IHC staining, 

whereas no results were shown for fluorescent-

based stainings [65]. For vimentin aspecific 

bindings were observed in the murine colon, 

whereas Wang et al. showed no aspecific 

fluorescent signal in murine pancreatic tissue. 

They used a lower concentration of Vimentin 

(AB5733, 1:500), which can also be implemented 

in further optimization [66]. At this moment, only 

a selection of markers has been tested. In the 

future, more markers will be included to 

differentiate more cell types in order to determine 

a potential difference in spatial tumor 

heterogeneity of the NSCLC subtypes. In the 

clinical setting, various markers, such as TTF1, 

CK7, and CK20, are used to differentiate the 

ADC, whereas P40, P63, and CK5/6 are used to 

indicate SCC [25, 67]. Therefore, these markers 

can also be implemented to gain insight into the 

tumor and its microenvironment. Another marker 

often used in the diagnosis of NSCLC is 

programmed cell death ligand 1 (PD-L1), which 

is a transmembrane protein expressed in cancer 

cells. Furthermore, it is used in hospitals to 

predict immunotherapy response using a PD-L1 

inhibitor [68, 69]. The binding of lymphocytes to 

this ligand will result in immunotolerance, 

indicating the suppression of the T- or B-cell 

activation, leading to tumor survival [69]. Next to 

the differentiation between epithelial components 

of the tumor, immune cells are also an important 

element of the tumor microenvironment. These 

cells are essential in cancer initiation and 

metastasis [70]. Accordingly, markers indicating 

immune cells will also be implemented in future 

research to obtain a complete overview of the 

tumor and its microenvironment. T-lymphocytes 

are involved in the adaptive immune system. 

Naïve T-cells eliminate immunogenic cancer 

cells after activation and migration to the tumor. 

Furthermore, high T-lymphocyte infiltration 

correlates with a positive prognosis. However, 

cancer cells can impair T-cell function, as seen in 

the binding of T-cells to PD-L1  [68-70]. To 

distinguish T-cells, CD3 can be used as a marker 

[71]. Next to T-cells, also B-lymphocytes are 

present within the tumor microenvironment. 

These cells promote tumor growth and 

angiogenesis [70]. For B-lymphocytes, CD19 and 
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CD20 can be used for all B-cells except plasma 

cells. These can be visualized using a CD27 

marker [72]. Another immune cell type is a 

macrophage which can be indicated using a CD68 

marker. This marker is highly present in alveolar 

macrophages [73]. Anti-inflammatory 

macrophages play a role in the removal of cancer 

cells. However, pro-inflammatory macrophages, 

developed during cancer progression, promote 

tumorigenesis [70]. Lastly, neutrophils are 

immune cells that are initially recruited to the 

damaged tissue to regulate different processes, 

such as elimination and inflammation. A high 

presence of neutrophils corresponds to a poor 

cancer prognosis [70].  These cells can be 

visualized using a CXC motif chemokine receptor 

2 (CXCR2) marker, an essential chemokine 

receptor in mice [74].  

 

Besides the optimization of various markers, 

clearing agents (Xylene, NeoClear, and 

UltraClear) used in different steps of the staining 

protocol were also evaluated. In both histological 

and IHC approaches, these clearing agents were 

compared to determine which clearing agent 

resulted in the best quality outcome in several 

staining procedures. Histological stainings on 

Xylene-cleared murine lung tissue still showed 

the most optimal result when comparing the 

different clearing agents based on the visualized 

cell morphology. However, Alwahaibi et al. 

showed optimal results for H&E staining on 

kidney tissue using UltraClear as a 

deparaffinization agent. These results were 

similar to the tissue deparaffinized with Xylene.  

[46].  For NeoClear, no other results have been 

published before. The effect of the use of each 

clearing agent was also evaluated based on IF-

IHC analysis. Therefore, beta 3-tubulin and 

podoplanin were used as immunohistological 

markers. For the beta 3-tubulin marker, Xylene- 

and NeoClear-cleared tissue showed similar 

signals for both DAB-based and FM-based IHC, 

while tissue cleared with UltraClear showed 

lower signals. However, it is important to notice 

that the settings for AF488, using a beta 3-tubulin 

marker, are not the same for each clearing agent. 

The gain was constant for each clearing agent, 

while the exposure time was the highest for 

Xylene-cleared tissue and the lowest for 

NeoClear-cleared tissue. Consequently, this 

means that NeoClear-cleared tissue has a similar 

signal as Xylene-cleared tissue, while the 

exposure time was shorter. Also, for UltraClear-

cleared tissue, a lower signal is observed when 

having a longer exposure time compared to tissue 

cleared with NeoClear. In contrast to beta 3-

tubulin, for the podoplanin marker the same scan 

settings were used for all clearing agent. This 

indicates the correct comparison of the visible 

signal observed on the scan. The signal for 

podoplanin was higher in NeoClear-cleared tissue 

compared to tissue cleared with Xylene and 

UltraClear. In this study, deparaffinization was 

performed using each clearing agent two times for 

five minutes. Similarly, Alwahaibi et al. also used 

UltraClear two times to deparaffinize the tissue. 

However, no exact times were appointed. A 

possible difference in this deparaffinization time 

could explain the variation in results. Moreover, 

they only compared the used Xylene vs. 

UltraClear based on H&E staining; no other 

staining methods were tested [46]. According to 

the manufacturer’s protocol for NeoClear, it is 

stated that two times five minutes should be 

sufficient for optimal staining [75]. However, 

applying this protocol, the expected results were 

not observed. Thus, further optimization by 

extending the incubation time of NeoClear can be 

studied. These safer alternatives may have more 

difficulties impregnating the tissue since it is a 

less concentrated agent than Xylene, assuming 

these products needs a longer time before optimal 

functioning. [46]. This could indicate the need for 

a longer deparaffinization time, which can be 

tested in further experiments. Deparaffinization 

times can be increased up to two times, about ten, 

20, and 30 minutes for each clearing agent. 

 

After optimization of the staining protocol, 

multiplex stainings can be performed in future 

research. This will lead to more insight into the 

presence and organization of these different cell 

types simultaneously in the same tissue slide. 

When performing this technique, the goal of the 

cell-specific markers needs to be considered. The 

strength and area of the expression must be taken 

into account. Furthermore, the choice of primary 

antibody is crucial since different antibodies need 

to have another host to avoid aspecific bindings 

of the secondary antibody [76]. The emission and 

excitation spectra of the fluorescent secondary 

antibody can only minimally overlap between 

various markers [77]. Panels with four different 

markers can be composed. For example, an 

immune cell panel can be made with CD3 (T-

lymphocytes), CD19 (B-lymphocytes, CD68 

(macrophages),  CXCR2 (neutrophils), which 

map all the immune cells in the tumor 

microenvironment. Different panels will be used 
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on lung tumor tissue from the preclinical mouse 

model to determine spatial tumor heterogeneity 

using digital pathology. Currently, no optimal 

staining protocol is achieved for scanning the 

slides using WSI.  

 

When achieving an optimal staining 

protocol, the stainings will be performed on lung 

tumor tissue isolated from the Kras/Lkb1 mouse 

model. At this moment, no lung tumor tissue has 

been obtained yet, but the mice are already 

induced with Ad-Cre to develop lung cancer. To 

monitor the health status of these mice post-tumor 

induction, the body weight was assessed weekly. 

The body weight of all mice is relatively stable. 

However, some mice have fluctuations in their 

body weight.  Female mouse 6 lost almost 3 g in 

one week, and whereafter, this mouse gained 

about 3 g in the second week. These body weight 

fluctuations could be explained by several 

factors. The assessment of the body weight needs 

to be performed in a flow cabinet because of 

biosafety reasons, whereby the airflow as well as 

the movement of stressed animals, can influence 

the accuracy of the measurement. However, 

measuring the body weight only is not sufficient 

to monitor the health status of the animal. Besides 

body weight assessment, it is important to follow 

up on the physical condition of each mouse. As a 

result of the tumor formation, the body weight can 

increase while fat and muscles break down [78]. 

Therefore, the body condition scoring (BCS) 

system is a more sensitive and accurate 

measurement of animal welfare. This BCS uses a 

scoring system from 1 to 5, indicating emaciation 

and obesity, respectively (Fig S. 3). Scoring with 

this system is performed by passing a finger over 

the sacroiliac bones. A score of 3 is considered 

optimal, meaning in good health condition. This 

scoring system is quick, reliable, and relatively 

easy to use [78]. 

 

In addition to the murine tumor tissue, also 

human tissue samples were provided. H&E 

samples from 70 patients were digitized using 

WSI. The gold standard used in the classification 

of NSCLC subtypes is H&E stainings.  

 

 

 

 

 

 

 

Here, tumor heterogeneity in the form of 

differences in morphological structures is used to 

distinguish the subtypes.  However, it is 

recommended to evaluate the subtypes using the 

specific ADC and SCC markers since many 

NSCLC samples present variations in their IHC 

profile [79]. Li et al. used single-cell RNA 

sequencing to investigate a difference in tumor 

heterogeneity in NSCLC to provide a more 

accurate treatment plan based on this tumor 

heterogeneity [80].   

 

In future research, murine lung tumors will 

be used to visualize different specific cell types 

simultaneously using multiplex stainings. 

Analysis of the spatial tumor heterogeneity will 

be assessed using AI tools. These techniques can 

also be applied to human NSCLC samples. At 

first, spatial tumor heterogeneity can be linked to 

the survival of patients. Afterward, differences in 

treatment plans and the heterogeneity profile of 

patients with NSCLC can be related to the 

treatment response. This indicates the potential 

use of spatial tumor heterogeneity as a biomarker 

in NSCLC.    

 

CONCLUSION 

In conclusion, our results suggest the 

establishment of the re-evaluation and 

optimization of the general IHC protocol. 

However, further optimization for the use of safer 

clearing agents such as NeoClear and UltraClear 

is necessary. Furthermore, the use of some cell-

specific markers like P63, pancytokeratin and 

vimentin as well as additional markers need to be 

optimized. An optimal staining procedure will 

contribute to obtaining high quality images using 

WSI. In future research, analysis of spatial tumor 

heterogeneity and the development of an AI  tool 

can lead to the use of spatial tumor heterogeneity 

as a potential biomarker for NSCLC. This 

potential biomarker can provide a more accurate 

diagnosis and an appropriate therapy in a shorter 

time period. Finally, a new form of personalized 

medicine can be established for NSCLC patients. 
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 SUPPLEMENTARY TABLES AND FIGURES 

 

 

 
Fig S. 1 – Experimental set-up of preclinical Kras/Lkb1 mouse model. A) Breeding of the 

Kras/Lkb1 mouse model. Offspring with the correct genotype  KrasG12D+/-/Lkb1-/-) will be used for 

further experiments. B) Lung cancer will be induced through the intranasal administration of 

adenoviral Cre-recombinase particles in solution (Ad-Cre). This results in the expression of the 

heterozygous Kras (KrasG12D+/-) mutation and homozygous Lkb1 deficiency (Lkb1-/-) that on their turn 

will initiate tumorigenesis. C) An overview of the timeline post-intranasal administration of Ad-Cre. 

Adenocarcinoma (ADC), adenosquamous cell carcinoma (ADSCC), and squamous cell carcinoma 

(SCC) development occur at eight weeks, between eight and ten weeks, and ten weeks after tumor 

induction, respectively, as described by Ji et al. [57]. Kras, Kirsten rat sarcoma; Lkb1, Liver kinase 

B1. Figure made in BioRender. 

Table S.  1 – Overview of the used fluorescent 

secondary antibodies (sAB) to visualize 

specific cell types. 

 
AB, Antibody; AF, Alexa Fluor; CK, 

Cytokeratin.   

Table S.  2 –  Overview of the used secondary 

antibodies (sAB) conjugated with 

Horseradish peroxidase  (HRP) to assess the 

binding affinity and specificity of the primary 

antibody. 

 
α, anti; AB, Antibody; CK, Cytokeratin; G, 

Goat;  M, Mouse; Rb, Rabbit.  
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Fig S. 2 – Immunofluorescent (IF)-based immunohistochemical (IHC) staining of vimentin. 

Vimentin in combination with Alexa Fluor 647 (AF647, red) is used to specify stromal cells in the 

murine colon. Aspecific signal is observed within the tubular glands (white arrow). However, 

fluorescent signal is expected in lamina propria of the colon (red arrow). Despite the aspecific 

bindings, no signal is observed in the negative control. Magnification, 10x. B) Settings of the Axio 

Scan.Z1 Slide scanner (ZEISS) used to obtain digitized slides indicating the gain (%) and the exposure 

time (ms) as well as black and white value settings to acquire images (A). 

 

 

Fig S. 3 – Body condition scoring (BCS) system. This scoring system is another method to assess 

the health condition of the mice. Mice can be scored by passing a finger over the sacroiliac bones and 

determine the BCS score ranging from 1 to 5. Figure adapted from Burkholder et al. [78].  


