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Abstract

Background: Spread through air spaces (STAS) is a method of invasion in lung 

adenocarcinoma, associated with tumor recurrence and poor survival. The spatial orientation of 

STAS cells/clusters to the lung alveolar parenchyma is not known. The aim of this study was to 

utilize high resolution and high-quality three-dimensional (3D) reconstruction of images from 

immunohistochemistry (IHC) and multiplex immunofluorescence (IF) experiments to understand 

the spatial architecture of tumor cell clusters by STAS in the lung parenchyma.

Methods: Four lung adenocarcinomas: 3 micropapillary (MIP) predominant and 1 solid (SN) 

predominant adenocarcinoma subtypes, were investigated. A 3D reconstruction image was created 

from the formalin fixed paraffin-embedded (FFPE) blocks. 350 serial sections were obtained and 

stained with hematoxylin and eosin (H&E) (100 slides), IHC (200 slides), and multiplex IF (50 
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slides) with the following antibodies: CD31, collagen type 4, TTF-1 and E-Cadherin. Whole slide 

images (WSIs) were reconstructed into 3D images for evaluation.

Results: Serial 3D image analysis by H&E as well as IHC and IF showed the MIP clusters and 

SN nests of STAS focally attached to alveolar walls away from the main tumor.

Conclusion: Our 3-D reconstructions demonstrated STAS tumor cells can attach to alveolar 

walls rather than appearing free floating as seen on 2D sections. This suggests that tumor cells 

detach from the main tumor, migrate through air spaces and reattach to alveolar walls through 

vessel co-option allowing them to survive and grow. This may explain the higher recurrence rate 

and worse survival for STAS positive tumors undergoing limited resection compared to lobectomy.

Keywords

Spread through air spaces (STAS); co-option; survival; three-dimensional analysis; multiplex 
immunofluorescence

Introduction

Since the initial description in 20151, 2 there has been great interest in the study of spread 

through air spaces (STAS) in lung cancer with multiple worldwide investigative groups 

publishing data from over 3500 patients documenting its presence in 15–60% of lung 

adenocarcinomas and its strong correlation with recurrence and poor survival.3–12 It is 

defined as the presence of tumor cells within the air spaces in the lung parenchyma beyond 

the edge of the main tumor.2, 13 In lung adenocarcinoma, three patterns of STAS were 

identified: micropapillary (MIP), solid nests (SN) and single cells.2, 13 Although initially 

described in lung adenocarcinoma, the prognostic significance has been demonstrated in all 

major histologic types of lung cancers investigated including squamous cell carcinoma,14, 15 

small cell carcinoma,16 large cell neuroendocrine carcinoma,16, atypical carcinoid16 and 

pleomorphic carcinoma.17

The association between STAS and tumor recurrence as well as patient survival raises the 

question about the mechanisms by which these malignant cells, observed floating in the air 

spaces in two-dimensional (2D) conventional images, spread through the air spaces and how 

they survive. The spatial organization of STAS cells/clusters and their relationship to the 

lung alveolar parenchyma is not known. The concept of blood vessel co-option has been 

raised to explain how tumor cells use the host vessels for their survival, growth and 

metastasis. 18–21

The development of the whole slide imaging (WSI) technology which involves the 

breakthrough computer based three-dimensional (3D) reconstruction and visualization of the 

histology images has opened a new era of pathology research and diagnosis. WSI 

technology allows for a high-resolution panoramic and detailed image of stained sections 

and the 3D reconstruction allows the observation of series of serial sections generating a 

detailed image, with high volume and high speed.22 The development of the technology has 

progressed to include not only hematoxylin and eosin (H&E) stains, but also special 

immunohistochemical (IHC) and immunofluorescence (IF) stains.23 These technical 

modifications, and their combination with the protein expression assessment and the 
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molecular analysis assays, make them useful for studying not only the detailed cellular 

morphology and the anatomic intercellular relationships but also the cell biology and 

function.

Since its development, the WSI based 3D has led to valuable insights in its application to 

digital and molecular pathology in lymphoma and glioblastoma.22, 24, 25 In lung 

adenocarcinoma, the WSI based 3D imaging technology has previously been used to 

identify the presence of “tumor islands,” which in retrospect represents an early recognition 

of STAS that was also associated with poor prognosis.26, 27

As the spatial relationship of STAS cells/clusters and the alveolar walls is not known and 

considering the limitation of the two-dimensional (2D) conventional image, we sought to 

study lung adenocarcinomas with STAS focusing on the relationship between STAS and the 

surrounding microenvironment, including the alveolar vasculature, by performing a detailed 

structural, immunohistochemical and immunofluorescence investigation using WSI.

Materials and methods:

I- Materials:

This study was approved by the Institutional Review Board at Memorial Sloan Kettering 

Cancer Center (MSKCC) # 17–062. The study includes a cohort of four lung 

adenocarcinoma specimens: three MIP predominant adenocarcinoma and one solid 

predominant adenocarcinoma. The four specimens were previously diagnosed as lung 

adenocarcinoma with STAS in the pathology department, MSKCC.

II- Methods:

A. Histological examination: The H&E slides of four lung adenocarcinoma tumors 

were retrieved and reviewed by 2 expert pathologists (R.G.A and W.D.T). The four cases 

were selected based on the tissue quality, the amount of STAS with different morphological 

subtypes. The H&E slides of all cases were reviewed to 1) assess the percentages of the 

different histological subtypes and to determine the predominant subtype, 2) to identify the 

presence of STAS, and 3) to determine the pattern of STAS. The slide review was done using 

Olympus BX51 microscope (Olympus, Tokyo, Japan). The histological subtyping and the 

identification of STAS were based on the 2015, WHO classification of lung cancer.13 Part of 

the criteria used to diagnose STAS included our previously published approach to the 

differentiation between STAS and artifact and floaters.2, 14 A representative block was 

selected from each case, for the WSI based 3D analysis.

B. Sectioning and staining: The resected tissues were fixed in 10% buffered formalin 

and processed as the standard protocol. The tissues were embedded in medium melting point 

56°C. The selected formalin-fixed, paraffin-embedded (FFPE) blocks were retrieved from 

the archive of the department of Pathology, MSKCC.

Each selected FFPE block was re-embedded into a new paraffin block and sectioned into 

350 serial sections, 5 µm each using the AS-410 Automated Tissue Sectioning System 

(Dainippon Seki, Kyoto, Japan). The first 100 sections were stained by H&E. The next 200 
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sections were stained by double IHC staining and the last 50 sections were stained by IF 

using the multiplex IF panel. The stains are discussed in detail in the next section. The three 

cases of MIP STAS were stained using H&E, IHC and IF stains. The SN case was evaluated 

by H&E as well as IHC double IHC staining for TTF-1 and CD31 in addition to E-cadherin 

and type IV collagen stains.

C. Multiplex Immunofluorescence (IF) stains: The protocol for the multiplex IF 

was optimized in collaboration with the MSKCC Pathology Imaging Lab and Molecular 

Cytology Core Facility. Multiplex IF experiments were done using the following four 

antibodies: Collagen type IV, TTF1, CD31 and E-Cadherin. The Supplementary Table 1 

shows the detailed information of the primary and secondary antibodies.

In brief, preceding the application of the primary antibody, the tissue sections were 

incubated for 8 min with Endogenous Biotin Block from Ventana (Ref#760–050). The 

incubation of the slides with the primary antibodies was done for 3–5 hours. The 

biotinylated secondary antibody was applied for 60 minutes. The fluorescent detection was 

carried out with Streptavidin-HRP D (Ventana Medical Systems), followed by incubation 

with Tyramid-Alexa Fluors of various wavelengths (Invitrogen): Alexa-488 (#840953), −546 

(#840954), −594 (#T20950) or 647 (#T40958).

To optimize the multiplex IF, important steps were followed: 1) a positive control with high 

level of expression for the targeted antigens, was used for the optimization of each antibody. 

2) to avoid cross-talk between the antibodies and establish the optimal multiplex sequence, 

adjacent sections were stained separately with each of the four antibodies and establish the 

optimal multiplex sequence, adjacent sections were stained separately with each of the four 

antibodies and carefully inspected. The order of antibody detection used in the multiplex 

experiment was as follows: collagen type 4 (detected with Alexa 647), TTF-1 (Alexa 546), 

CD31 (Alexa 488) and E-Cadherin (Alexa 594).

TTF-1 stained the tumor cell nuclei, shown in yellow (Figure 4A&B). CD31 stained the 

endothelial cells in green. E-cadherin stained the tumor cell membranes shown in red and 

collagen type 4 stained basement membrane, shown in white.

D. IHC double-staining—IHC double staining was used to identify the relationship 

between tumor cells, blood vessels and collagen in the main tumor area and adjacent 

parenchyma or STAS area in the 3D images and to highlight the relationship between these 

cells and surrounding connective tissue in a 3D configuration. The IHC double staining was 

performed on 200 tissue sections of the three MIP STAS specimens. IHC staining was done 

using the same antibodies with the same clones used for the multiplex IF. Collagen IV/CD31 

antibodies were double-stained together, and TTF-1/E-cadherin were stained together. The 

sections were stained using both IHC and multiplex IF in order to compare the results of 

IHC with those of IF, and to maintain the serial sectioning of the block. For visualization 

purpose, H&E and IHC double stains were performed alternatively, (i.e. slide 1: TTF1 and 

E-cadherin, slide 2: H&E, slide 3: CD31 and Type IV collagen). On the solid STAS case, 

IHC double staining for TTF-1 and CD31 was done on 5 serial unstained sections.
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E. Digitizing and 3D reconstruction: The tissue sections slides were digitized to WSI 

by 20x (0.46–0.5 µm/ pixel resolution) using AperionAT2 (Leica Biosystems Inc, Buffalo 

Grove, IL, USA) and NanoZoomer 2.0HT (Hamamatsu Photonics, Hamamatsu, Shizuoka, 

Japan). IF stained slides were scanned by Panoramic FLASH III (3D Histech, Hungary) with 

0.32 µm/ pixel resolution.

The 3D histology model was reconstructed from all image sets to analyze the structure and 

interrelation of STAS using the software Voloom (version 2.8.3–2.8.7, microDimensions 

GmbH, München, Germany). This software allows automatic stack montage with minimal 

intervention from the user except for image alignment, with capability of manual 

reconstruction. The 3D model of the best quality was selected for this study to ensure a high 

magnification enabling the best observation. 3D models were developed per stain group and 

combination of H&E and IHC. Imaris Imaging software version 8 (Bitplane, MA, US) was 

used for high magnification image analysis (cellular level of analysis) and visualization for 

both blight field and fluorescence stain.

F. Interpretation of staining: All H&E, IHC and IF stains were analyzed using the 3D 

images to identify STAS and to interpret its morphology and its relationship with the 

surrounding tissues. The 3D model was observed from low magnifications up to 20x which 

is the original WSI resolution. Three areas were arbitrarily defined for analysis in the final 

3D model for detailed study: the first area includes the tumor; the second area includes the 

tumor and the adjacent lung parenchyma and the third one includes the lung parenchyma 

away from the tumor. (Supplementary figure 1 shows the workflow of the WSI based 3D 

reconstruction).

Results

Identification of the presence of STAS

The lung adenocarcinomas tumors reviewed were MIP predominant (N=3) and solid 

predominant (N=1). STAS was observed, by both 2D and 3D imaging, as tumor cells present 

within the air spaces, spreading in a continuous manner into the lung parenchyma beyond 

the edge of the main tumor.

In the three MIP predominant adenocarcinoma, STAS was present as MIP clusters (Figure 

1). In the solid predominant adenocarcinoma, STAS was forming solid nests (Figure 2).

WSI based reconstruction of STAS: alveolar wall attachment

In the four adenocarcinoma specimens, by studying all the serial sections of the 3D 

reconstructed image of the whole FFPE block, STAS cells were seen attached to the alveolar 

walls of the lung parenchyma (Figures 1, 2, 3 and 4). The attachment of STAS to the 

alveolar walls was seen in the H&E stains (Figures 1, 2, 3 and 4) including the 3D 

reconstructions (Figure 3) and confirmed by the IHC and multiplex IF stains (Figures 5A 

and B). This observation was seen in both the MIP (Figure 1, 3, 4 and 5) and solid nest 

(Figure 2) pattern of STAS where focally there were attachments to the alveolar walls, with 

preservation of the alveolar wall septa. The attachment of STAS cells to the alveolar wall 

was similar both for areas near and far from the main tumor.
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Multiplex IF and IHC Analysis: Relationship Between STAS and Alveolar Wall Vasculature

While WSI based 3D reconstruction using H&E slides demonstrated that STAS clusters 

focally attach to the alveolar wall and locate close to the alveolar wall vasculature (Figure 

1C and 1D), the multiplex IF stains in combination with the 3D reconstruction enabled us to 

further evaluate the relationship between the tumor cells and the connective tissue of the 

underlying lung parenchyma (alveolar wall). These findings are consistent with the concept 

of blood vessel “co-option.” (Figure 1, 3,4 and 5).

STAS MIP clusters and solid nests (TTF-1 positive) were well anchored to the alveolar walls 

and these attachments were highlighted by E-cadherin stain. In areas of STAS, tumor cells 

attached to the alveolar walls, focally replaced normal pneumocytes and were sometimes in 

very close proximity to the alveolar wall vasculature (Figure 4A–D, 5B and Supplementary 

Figure 2A). In the case of solid STAS, the tumor cell nests filling the alveolar spaces lacked 

CD31 positive blood vessels and they were closely opposed to the capillaries of the alveolar 

walls consistent with blood vessel co-option (Supplementary Figure 2A). E-cadherin showed 

positive cytoplasmic staining in all three MIP cases by IF and the single solid case by IHC 

both within STAS clusters (Figure 5A–C and Supplementary Figure 2C) and the main tumor 

(Supplementary Figure 2D, data not for the MIP main tumor not shown).

The alveolar walls in the area of attachment had preserved architecture: The CD31 positive 

endothelial cells highlighted the intra-alveolar septal vessels which were thin, oriented, 

without any new sprouts, and surrounded by a thin basement membrane (Collagen type 4 

positive). The pneumocytes were normally present on the surface of the alveolar wall, except 

for the areas of attachment of STAS, where they were replaced by the malignant cells.

3D Morphological Findings of the MIP clusters

In the 2D images, STAS MIP clusters were found to have different morphologies such as 

florets, ring-like structures and large MIP clusters (Figures 1B–E, 2 and 4). The 3D imaging, 

allowed a better identification of the floret (Figure 3) and ring-like structures of the MIP 

clusters (Figures 3 Supplementary Figure 3, and Figure 6). The ring-like structures seen by 

2D (Figure 1B–E) were “ball-like structures” by 3D (Figure 3 and 6). The malignant cells 

were arranged in the form of a sphere surrounding a central lumen. The MIP clusters, by 3D, 

were seen, in some areas, attached to each other, forming larger clusters or “fused” MIP 

clusters (Supplementary figure 2). These fused MIP clusters were seen connected to each 

other in the form of entangled rope and corresponded to large MIP clusters by 2D 

(Supplementary figure 3).

3-D Imaging, Immunohistochemistry and Multiplex IF of MIP Clusters in the Main Tumor

Within the main tumor by 3D imaging MIP clusters were also seen in the form of florets, 

ball-like structures and fused clusters. The finding that MIP clusters within the main tumor 

were structures lacking fibrovascular cores, was highlighted by the IHC and the IF 3D 

images. The MIP clusters showed lack of CD31 staining (Figure 4C), differentiating them 

from tangential cuts of the true papillary structures with their characteristic fibrovascular 

cores (positive CD31 staining). Similarly, in the solid adenocarcinoma, IHC for CD31 
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showed lack of CD31 positive blood vessels within the tumor cell nests both within the main 

tumor and the STAS clusters (Supplementary figure 2A and B).

Molecular Studies

Molecular studies using the next generation sequencing platform MSK IMPACT revealed 

that 1) one MIP STAS case had EGFR L858R and TP53 mutations; 2) the solid STAS case 

had a KRAS G12A mutation and 3) in one tumor no mutations were detected in the 

clinically validated panel. The fourth case was only evaluated by fragment analysis and no 

mutations were found for EGFR exon 19, EGFR exon 20 and ERBB2/HER2 exon 20 

deletions on insertions.

Discussion

Our study, using WSI based 3D reconstruction with H&E, immunohistochemistry and 

multiplex IF stains, of lung adenocarcinomas expands upon the understanding of STAS 

biology. Although detached from the main tumor and appearing to be free floating in air 

spaces on 2-D H&E slides, our 3D studies demonstrated focal attachments of STAS cells to 

alveolar walls in a manner consistent with the concept known as “co-option” of the pre-

existing blood vessels.28–33 These findings suggest for the first time that tumor cells detach 

from the main tumor and migrate through air spaces to distant alveolar walls where they 

reattach through vessel co-option allowing them to survive and grow. This may explain the 

higher recurrence rate and worse survival for STAS positive tumors undergoing limited 

resection compared to lobectomy.9–11, 34, 35 In addition, by 3D evaluation, the ring like 

structures that are known to occur both within the main tumor and in STAS clusters with the 

MIP pattern are actually spherical structures with a single layer of tumor cells surrounding 

an empty space. Also, clusters and nests of STAS cells were found to be attached to each 

other. Another interesting finding was the lack of endothelial cells in MIP and solid areas of 

the main tumors in addition to areas of MIP and solid STAS tumor cell clusters as confirmed 

by lack of CD31 staining consistent with the concept of the non-angiogenic pattern of lung 

cancer described over 20 years ago that was also explained by vessel co-option.36–39

STAS is a phenomenon of tumor spread that is unique to the lung which unlike any other 

organ system has alveolar spaces through which tumor cells can move. In other organs 

tumor invasion and metastatic spread occurs by direct invasion into adjacent tissues or 

through blood vessels or lymphatics. It is well recognized for cancer in general that the 

metastatic process involves tumor cell detachment from the main tumor and locomotion to 

distant locations where the tumor cells reattach and begin to grow.40–43 For example, when a 

lung cancer metastasizes to the brain the tumor cells invade through the blood vessel wall, 

gain access to the circulating blood, migrate through the bloodstream and then reattach to 

the endothelium of the blood vessels in the brain and then invade through the blood vessel 

wall into the surrounding brain tissue.40–43 Although this process often referred to as “seed 

and soil”, it is complex and highly dependent on multiple factors that including detachment 

of the tumor cells from the main tumor, a receptive local microenvironment for reattachment 

and tumor cell properties including epithelial-to mesenchymal transition (EMT) and various 

genetic characteristics that lead to reattachment and growth in the distant location. Based 
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upon our morphological observations in this study and the large body of published clinical 

data we hypothesize that a similar process is occurring in the lung with STAS. Discohesive 

tumor cells detach from the main tumor and migrate through the air spaces beyond the tumor 

edge and then reattach to alveolar walls, leading to intrapulmonary spread. In the blood 

stream the number of circulating tumor cells is known to far exceed the number of overt 

distant metastatic foci that develop.40 Similarly we suspect that in the lung, the number of 

STAS cells spreading through the air spaces far exceeds the number that actually reattach 

and form intrapulmonary metastatic deposits.

Concern has been expressed about how the airspace tumor cells of STAS can survive. It is 

well known that cells such as macrophages and lymphocytes can survive within alveolar 

spaces. So similarly, STAS tumor cells may remain viable as they migrate within airspaces 

to intraparenchymal sites distant from the main tumor where they reattach to alveolar walls 

through vessel co-option. In this study our 3D analyses have shown that focally some tumor 

cells of STAS are attached to alveolar walls and are not free floating in the air spaces as they 

appear in two dimensional routine histologic sections. These attachments appear to occur in 

association with the mechanism of vessel co-option. We propose that discohesive tumor cells 

become detached from the main tumor and migrate into the surrounding lung parenchyma 

through the air spaces in the form of STAS. Then some of these STAS clusters attach to 

alveolar walls and through vascular co-option they gain access to the alveolar vasculature 

allowing them to grow and form tumor implants in the lung parenchyma surrounding the 

tumor. However, similar to circulating tumor cells in the blood stream, the number of tumor 

cells spreading through the air spaces likely far exceeds the number that form microscopic 

alveolar wall attachments distant to the main tumor. This corresponds to our observation that 

the attachments of STAS cells to the alveolar walls are focal and not seen with all STAS 

cells.

Although the definition of MIP adenocarcinoma states that the tumor cell clusters lack 

fibrovascular cores, our findings of the lack of blood vessels both within the main tumor of 

three MIP and one solid adenocarcinomas as well as in both MIP and solid STAS tumor cell 

clusters has significant implications. These observations are consistent with the concept of 

the non-angiogenic pattern of lung cancer and blood vessel co-option that has been 

recognized for over 20 years.37–39 Blood vessel co-option is essentially how tumors hijack 

preexisting vascular environments to thrive.18, 19, 21, 28, 31, 32 Our finding of blood vessel co-

option in re-attached STAS clusters explains how these tumor cells continue to survive and 

grow in the lung parenchyma beyond the tumor edge. It also can be compared to the concept 

of non-angiogenic lung cancer where vascular co-option has been a fundamental explanation 

for how tumor cells grow without their own vasculature.19, 38 Although the concepts of MIP 

adenocarcinoma and STAS with both MIP and solid patterns did not develop until many 

years after the concept of nonangiogenic lung cancers was generated, the description of the 

alveolar pattern of nonsmall cell carcinoma corresponding to the non-angiogenic type of 

lung cancer may have included cases of what we now call MIP adenocarcinoma and 

possibly some cases of what we now call STAS.36, 38 Similar to MIP and solid 

adenocarcinoma as well as STAS the nonangiogenic pattern of lung cancer was associated 

with poor prognosis.38 The concept of nonangiogenic cancers has also been suggested to 

have therapeutic implications as a potential mechanism of resistance to anti-angiogenesis 
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therapy such as bevacizumab31, 33 and as a possible biomarker for immunomodulatory 

therapy.33 Whether the finding of STAS as a non-angiogenic form of lung cancer spread can 

have therapeutic implications needs to be investigated.

In our study, the attachment of STAS cells to the lung alveolar wall and STAS blood vessel 

co-option phenomenon was consistent and similar for both areas near and far from the main 

tumor, which gives a clue to explain how these cells could survive in adjacent lung 

parenchyma regardless of their position from the main tumor. It also provides an explanation 

why multiple studies have shown that the recurrence free survival and overall survival is 

significantly worse in patients who undergo limited resection compared to lobectomy.
1–4, 9, 11, 34, 44 Based on our findings in this 3D and multiplex immunohistochemical study, 

we hypothesize that in patients with limited resection and STAS who recur, that some of the 

STAS cells may have migrated beyond the limited resection margin and reattached by vessel 

co-option, allowing them to grow and leading to the recurrence.

One of the most interesting findings using the combined 3D reconstruction technology and 

the different stains was the STAS MIP cluster morphology. MIP clusters were either in the 

form of florets, ball-like or fused form where the clusters are attached to each other. The 

ball-like structure, a complete sphere consisting of a single layer of malignant cells 

surrounding an empty lumen, explains the ring-form seen in the 2D slides. The difference in 

morphology between 2D and 3D images was due to the different sectioning plane of the cut 

in the 2D slides sections. These ring-like structures were previously recognized in the 2011 

IASLC/ATS/ERS lung adenocarcinoma classification and the 2015 WHO Classification,
13, 45 however what role they play in tumor behavior is not known. Given the ability of balls 

to roll and move along surfaces it is possible these rings or spheres represent structures that 

facilitate spread through air spaces. The formation of these spheres is similar to the 

structures described as “spheroids” that are seen in cell cultures of multiple types of cancers 

including lung cancers.46–48 So the ability of these MIP tumor cells to grow as spheres 

within airspaces may be due either to similarities to the microenvironment seen in cell 

cultures and/or some inherent properties of the tumor cell surfaces that allow them to adhere 

to each other in these spherical structures. Interestingly 3D tumor spheroids have been 

suggested as in vitro models to mimic in vivo human solid tumors resistance to therapeutic 

drugs.48

The current study represents the first study of STAS utilizing 3D technology in combination 

with H&E, immunohistochemical and multiplex immunoflourescence stains. It shows the 

morphology, the cellular and protein interactions in the main tumor, as well as the adjacent 

lung parenchyma where STAS was present. The 3D image reconstruction of tumor 

specimens provided a geographical mapping of the tumor and its microenvironment, with 

accurate details of the tissue specimen. The additional IHC and multiplex IF stains permitted 

the detection of multiple antigens expression at the same time. The combination of 3D with 

H&E, IHC, and IF stains, allowed for the detection of the cellular and proteins interactions, 

which allowed for novel morphologic observations that have provided valuable insights into 

the morphological and biological significance of STAS.22, 23
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The limitation of this study includes a small cohort, which will be expanded in the future 

studies of STAS in lung adenocarcinoma as well as other lung cancer subtypes with the use 

of more 3D imaging and multiplex IF panels for a better understanding of the cellular and 

protein interactions between STAS and the adjacent lung parenchyma.

Conclusions:

Using WSI combined with 3D reconstruction imaging using H&E, immunohistochemical 

and multiplex immunofluorescence stains demonstrated that although detached from the 

main tumor and appearing to be free floating in air spaces in 2-D, we demonstrated focal 

attachments of STAS cells to alveolar walls in a manner consistent with the concept known 

as “co-option” of the pre-existing blood vessels. Thus, our 3D studies provide morphologic 

evidence for the first time suggesting that tumor cells detach from the main tumor and 

migrate through air spaces to distant alveolar walls where they reattach through vessel co-

option. In addition, by 3D evaluation, the ring like structures that are known to occur both 

within the main tumor and in STAS clusters with the MIP pattern are spherical structures 

with a single layer of tumor cells surrounding an empty space. In addition, the lack of 

endothelial cells in micropapillary and solid areas of the main tumor as well as within MIP 

and solid STAS clusters as confirmed by lack of CD31 staining is consistent with the 

concept of the non-angiogenic pattern of lung cancer. The ability of STAS cells to reattach to 

alveolar walls through vessel co-option after migrating away from the main tumor may be an 

explanation for the higher rates of recurrence and worse survival for patients with STAS who 

undergo limited resection rather than lobectomy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations:

AS Auto slide

D dimensional

FFPE Formalin-fixed paraffin-embedded

H&E hematoxylin and eosin

IF immunofluorescence

IHC immunohistochemistry

MIP micropapillary

SNP solid nest STAS

SCC squamous cell carcinoma

STAS spread through air spaces
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WHO World Health Organization

WSI whole slide imaging
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Figure 1. 
STAS was present as MIP clusters. In in the 2D images, Numerous STAS MIP clusters were 

found in the alveolar parenchyma extend in a continuous manner within air spaces as far as 

1.4 cm to the left of the image beyond the edge of the tumor (A). The 3D imaging (B-D) 

focused on the area highlighted in the black box in A, with serial sectioning demonstrated 

how the same floret micropapillary cluster that appeared floating in the air space in B, is 

attached to the alveolar wall on deeper sections C, D and E.
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Figure 2. 
STAS in this case formed solid nests. A) Solid predominant adenocarcinoma with solid nests 

of STAS extending beyond the edge of the tumor (marked in blue line) into surrounding air 

spaces (H&E). B) The STAS solid nests fill the alveolar space and are seen attached to the 

alveolar wall (black arrows), replacing the normal pneumocytes. C) The STAS solid nests 

are seen at one serial section attached to the alveolar wall (black arrow) (C) (H&E, original 

magnification x20)
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Figure 3: 
3D visualization of ATTACHED STAS CLUSTER. 3D window (bottom right) shows 

reconstructed 3D structure of ring-like STAS cluster with corresponding view of the other 3 

windows. X-Y shows same plane with a H&E slide of corresponding slide with green line 

on Y-Z and Blue line on X-Z. Ring like structures are seen in 3D.
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Figure 4: 
Attachment of STAS MIP clusters to alveolar wall. In these serial H&E sections in a STAS 

area away from the main tumor, in addition to STAS MIP clusters that appear to be floating 

in the air spaces, there is a direct attachment to the alveolar wall (A-D, arrows).
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Figure 5: Immunofluorescence (IF) staining:
(A and B) IF stain from an area of lung parenchyma beyond the edge of the tumor (STAS 

area) shows the nuclear yellow TTF1 staining of the micropapillary (MIP) STAS cells with 

attachments to the alveolar walls often in areas where the tumor cell cytoplasm is expressing 

membranous orange staining by E-cadherin (Figure 5A and B). The STAS cells focally are 

in close apposition to the pre-existing capillaries in the alveolar septa (CD31 positive, 

green). The alveolar walls show preserved architecture with thin regular capillaries with 

areas showing preserved type IV collagen of the alveolar wall basement membrane 

(Collagen IV, white). No endothelial cells or CD31 staining are seen within the STAS 

clusters. C: IF stain at one level of the main tumor shows the micropapillary (MIP) floret 

clusters adjacent to papillary structures of the main tumor. The section shows the MIP 

clusters attached to each other and attached to the papillary structures. The MIP clusters 

within the air spaces show no CD31 expression indicating lack of a central endothelial lined 
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vascular core (CD31 green negative), differentiating the MIP clusters from the tangential cut 

of papillary structures.
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Figure 6: 
A) Micropapillary (MIP) STAS appears as a ring-like structure in 2D. (B) however it is seen 

as a ball-like structure in 3D formed of malignant cells forming a sphere with a wall 

consisting of a single layer of tumor cells with a central empty lumen (H&E, original 

magnification x20)
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