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研究成果の概要（和文）：新規技術による動脈硬化におけるコレステロール誘導好中球細胞外トラップ（NET）
の研究を行った。ラマンイメージングにより細胞全体のスペクトル情報と空間的相関情報を得た。また、ラマン
データを定量的位相イメージングおよび蛍光DNA染色と相関させ、分光補正、細胞ラマンスペクトルの主成分分
析、機械学習パイプラインを最適化により、NETの主要分子の差異を明らかにした。
3次元細胞培養法によりNETを維持し、イメージングフローサイトメトリーにより懸濁液中でのNET形成を調べ、
全血試料中でも希少イベントとNET形成を確認した。これは、マイクロリットルの血液試料中の様々な条件下で
NETが測定できる可能性を示す。

研究成果の概要（英文）：We investigated the role of cholesterol induced neutrophil extracellular 
traps (NETs) in atherosclerosis using several novel techniques. We used Raman imaging to provide 
complete spectrographic information of whole cells as well as more detailed spatially correlated 
information. We correlated Raman data with quantitative phase imaging and fluorescent DNA staining 
using a custom-built microscopy system. We optimized a pipeline to perform spectrographic 
corrections, PCA of complete Raman cell spectra, and machine learning to highlight key molecular 
differences in fully formed NETs. 
To further explore NET formation in suspension, we used a novel three-dimensional cell culture 
method to preserve NETs and collected highly detailed fluorescent cell images using imaging flow 
cytometry. We used this technique to examine rare events and NET formation in whole blood samples, 
opening up possibilities for measuring NETs in a range of conditions using microliter blood samples.

研究分野： Cell Biology
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研究成果の学術的意義や社会的意義
NETs have proven to be a critical pathological factor in a wide range of conditions and diseases 
such as sepsis, lupus, and atherosclerosis. Here we developed an approach for the measurement and 
characterization of NETs by Raman spectroscopy, and in whole blood samples by imaging flow cytometry

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景  
 
(1) Atherosclerosis is a life-threatening condition affecting a large proportion of 

the population worldwide. The pathology of this disease is not fully understood, 
however, a novel type of immune response, neutrophil extracellular trap (NET) 
formation, is thought to contribute1. 

(2) NET formation occurs when neutrophils are exposed to certain stimulants, such as 
bacterial lipopolysaccharide (LPS), fungi, monosodium urate crystals, or phorbol 
12-myristate 13-acetate (PMA). Activation of NADPH oxidase leads to translocation 
of neutrophil elastase to the nucleus which serves to unravel DNA and release it 
from the nucleus. DNA mixed with cytoplasmic granule proteins is then released from 
the cell in a large cloud which can entrap and kill pathogens2. However, like other 
well-known neutrophil responses such as degranulation and oxidative burst, NET 
formation has the potential to inadvertently damage healthy cells or cause other 
pathological consequences.      

 
２．研究の目的  
 
(1) NET formation has previously been shown to occur in response to stimulants relevant 

to atherosclerosis, including cholesterol, cholesterol crystals, and oxidized 
cholesterol1,3. However, the mechanisms of NET formation have not been fully 
elucidated and results are often contradictory. 

(2) This project aimed to develop improved techniques for the analysis of NET formation, 
namely, Raman imaging and imaging flow cytometry. Using these techniques to provide 
new insights into the mechanisms of cholesterol induced NET formation.  

 
３．研究の方法  
 
(1) This project focused on developing two techniques for the analysis of NET formation, 

Raman imaging and Imaging flow cytometry.  
(2) For Raman imaging, a custom-built multimodal microscope was used to provide high 

throughput measurement of the Raman spectrum of whole NETs. This was correlated 
with quantitative phase images (a measurement of cell optical density), and 
fluorescent images, with the later necessary to distinguish necrotic cells and non-
responding cells from NETs4. Additionally, a different system was used to perform 
high resolution Raman imaging, providing a complete Raman spectrum for each point 
in the cell.  

(3) In order to take full advantage of the data available, a pipeline was developed to 
perform unsupervised analysis of the whole Raman spectra of cells. First, spectra 
were baseline corrected and adjusted for day to day variability, then PCA analysis 
was performed to 
identify key 
distinguishing factors 
in NETs. Additionally, 
machine learning 
classification was 
performed using the 
Raman signal at each 
wavelength measured as 
input features. 

(4) For imaging flow 
cytometry, a novel 3D 
culture method to 
maintain delicate NET 
structures in 
suspension was used in 
conjunction with 
traditional fluorescent 
microscopy of adhered 

Figure 1. Imaging Flow cytometry of NETs. NETs are either elicited from 

isolated healthy neutrophils with stimulants, or identified directly in 

whole blood from patient samples (A). Images are masked and analyzed 

to delineate six distinct cell populations including NETs (B). 

A B 



cells. This technique uses density to maintain cells in suspension during NET 
formation and prevent interactions or adherence to tube walls. Imaging flow 
cytometry combines the advantages of flow cytometry and fluorescence microscopy in 
order to provide high throughput detailed images of thousands of cells across 
multiple fluorescent channels. When combined with masking and feature analysis we 
can delineate six different cell types including NETs in isolated neutrophils or 
whole blood (Figure 1). This is the only technique which demonstrates imaging of 
fully formed NETs in suspension and has the distinct advantage of being able to 
identify NETs in microliter whole blood samples5. 
     

４．研究成果  
 
(1) This project was directed towards the development of techniques for the accurate 

and detailed analysis of NETs, with later application to the analysis of NET 
formation in response to cholesterol related stimulants. To this end, initial 
studies were performed using model NET stimulants LPS and PMA. 

(2) Due to the diffuse nature of NETs there is significantly less material available 
to obtain Raman scattering and quantitative phase signal. However, we were able to 
optimize our system to obtain suitable spectra from NETs by boosting laser power 
increasing magnification. Normally it is not possible to do this as intact cells 
are sensitive to laser damage. 

(3) Stimulation of neutrophils can 
result in NET formation, but can also 
result in other types of cell death 
such as necroptosis or apoptosis. 
When examining cells using 
brightfield imaging or quantitative 
phase imaging we were unable to 
distinguish these cells from NETs. 
Therefore, we had to modify our 
system to include fluorescence 
imaging of stained DNA. In order to 
do this, different DNA dyes were 
assessed for their influence on 
Raman signal and optimized to 
minimize any interference. Using 
this additional data, we were able 
to clearly distinguish NETs based on 
a large diffuse DNA fluorescence 
signal extending out from the cell, 
as compared to other types of cell 
death which result in a more 
concentrated bright DNA signal 
confined to the cell boundaries.  

(4) LPS and PMA induced NETs were found 
to have a similar overall Raman 
spectral signature, however, in 
depth PCA analysis using over 700 variables across the full spectrum shows clear 
differences in these populations (Figure 2). We further found that NETs could be 
distinguished from necrotic cells and cells lysed through freeze/thawing and heat-
treating methods.   

(5) We used machine learning to attempt to classify NETs based on their stimulant. We 
trained a model using ground truth data for LPS and PMA NETs and then applied this 
method to an unseen, test set of data. Our model was able to classify NETs as 
either LPS induced or PMA induced with over 90% accuracy. These results are based 
on a small set of data and further analysis is required to increase the robustness 
of the model across different neutrophil donors and experiment days. This model 
demonstrates that Raman imaging can be used to identify NETs based on their 
respective stimulant, lending weight to the idea that NETs can be fundamentally 
different at the molecular level, and therefore may have distinct pathways of 
formation and distinct effects in their biological context. Further analysis will 
be performed on NETs induced by stimulants relevant to atherosclerosis, with that 
aim of identifying the unique molecular signature of these cells compared to other 

Figure 2. Raman spectra and PCA of NETs. Average Raman 

spectra of whole NETs with different stimuli (A). PCA 

analysis using spectra signal at each wavenumber as 

variables (B)   

A 

B 



types of NETs such as induced by PMA or LPS. 
(6) This project aimed at characterizing NET formation in relation to atherosclerosis. 

In contrast to NET formation in tissues, which can be modelled based on neutrophils 
bound to surfaces in vitro, NET formation in atherosclerosis in the blood vessels 
would occur either in flow or after attachment to the vessel walls. Moreover, the 
neutrophil microenvironment is known to greatly influence cell responses, for 
example, receptors on the surface of red blood cells can inhibit NET formation6. 

(7) To address this, we aimed to develop an assay to identify NET formation in whole 
blood samples using imaging flow cytometry. Unlike neutrophils which have migrated 
into tissue before NET formation, NET formation relevant to atherosclerosis would 
form in the presence of inhibitory factors present in the whole blood, a 
consideration which was not addressed in previous studies. We expanded upon our 
previous work which examined NET formation during malaria infection in mice5 to 
show in vitro induction of NETs in human blood samples. We optimized our imaging 
flow cytometry method to reduce background interference of red blood cells and 
identify rare events while maintaining the integrity of the instrument in terms of 
clogging the narrow flow cell apertures. We compared NET formation in flow, to NET 
formation when attached to surfaces by conventional fluorescence microscopy, in 
order to account for any influences of neutrophil attachment.  

(8) We examined NET formation in response to soluble cholesterol, cholesterol crystals 
we prepared in-house, and oxidized LDL. Stimulation was performed with isolated 
neutrophils and neutrophils in whole blood, both in suspension and when neutrophils 
were attached to a surface. Our results indicate that NETs form in response to 
large cholesterol crystals when attached to a surface, but not in response to small 
crystals or other types of cholesterol stimulation. Furthermore, NETs did not occur 
in suspension or whole blood, indicating that cholesterol alone may be insufficient 
to explain the role of NETs in atherosclerosis. Overall, this study provides the 
technical basis to examine cholesterol induced NETs through Raman spectroscopy and 
imaging flow cytometry, with further study needed to confirm the importance of this 
in the in vivo context of atherosclerosis.  
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