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Abstract 

The brain is a nervous tissue's mass at the anterior end of a living organism and it integrates 

sensory information and directs motor responses. It is also a learning center for higher 

vertebrates. The human brain weighs approximately 3 pounds and consists of billions of cells 

called neurons. Previous studies indicate that immune cells are essential functional 

components in the healthy and pathological brain. Cytometry by time-of-flight (CyTOF) is a 

high-dimensional single-cell detection technology that allows the measurement of up to 100 

cell markers with a small number of samples. This technique aims to measure the physical 

and chemical characteristics of particles individually, and thus animal, plant, and microbial 

cells can be often examined with this method. This technique makes it possible to detect 

different types of single cells under stable and diseased brain conditions; hence, the present 

study used a review approach to investigate this technique and its various applications in 

brain immunology and discussed the ability of this technique and its empirical results. 
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1. Introduction 

Immune cells consist of a diverse and dynamic cell population that is responsible for a wide 

range of immune activities. They act harmoniously through communication with other 

immune and non-immune cells. Understanding this complex immune network requires 

widespread characterization of its cellular components. This is more critical and sensitive, 

especially for the very important part of the brain, which is an active immune site and 

consists of resident and infiltrating immune cells that affect brain growth, tissue homeostasis, 

and neural activities (Korin et al., 2018). The brain as the most complex organ of the body, 

apart from neurons, astrocytes, oligodendrocytes, and glial cells, has its resident immune cells 

(Schwartz et al., 2013). 

Recent studies indicate that identifying and using phenotypic markers are keys to 

distinguishing different types of immune cells in the brain. Under pathological conditions, 

Bennet et al. (2016) reported that Ter119 was a distinct and proper marker for distinguishing 

brain-resident microglia from monocyte-derived macrophages (MoDMs) but it should be 

noted that the functional analysis is another necessary section of studies on immune 

components of the brain, which is not limited to the identification of the population of brain 

immune cells. New studies have found that the same immune cells may play different roles in 

different stages of diseases. For example, MoDMs increase pro-inflammatory responses in 

their acute phase in ischemic stroke, but they change to an anti-inflammatory role in the 

chronic phase (Fang et al., 2018). 

Even though the traditional immunology technique, namely live cell sorting or fluorescence-

activated cell sorting (FACS), was used in this field, unfortunately, it had limitations in 
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fulfilling the listed very important information needs. To fulfill the growing needs of this 

field of medical science, phenotypic and functional studies on immune components of the 

brain need a more accurate and high-dimensional technique such as CyTOF that can 

simultaneously detect up to 100 parameters (Wang et al., 2022). 

Mass CyTOF cytometry (or cytometry by time-of-flight) technique, which has been 

successfully applied to discover new immune populations in humans and rodents, can enable 

very high-resolution characterization of dozens of markers at a single-cell level and 

artistically present a bird's-eye view of the immune system in the body. Therefore, the present 

study summarized the use of CyTOF for the vital organ of the brain, and the principles, 

advantages, and disadvantages of this technique. 

 

2- Cytometry by time-of-flight (CyTOF) 

2-1- History of the CyTOF technique 

During the 1960s, the collaborative efforts of scientists active in cytology led to the invention 

of a method called flow cytometry, which made it possible to detect particles, including cells, 

and evaluate their characteristics. The high speed and accuracy of this method caused it to get 

a special place in various fields of medical and biological sciences (Mohammadsadeghi et al., 

2013). The result of initial efforts in this field was the creation of a single-agent device that 

only detected the sizes of cells, but today, powerful flow cytometry devices have emerged 

with the capability of simultaneous detection of up to 14 different factors from hundreds of 

thousands of single particles per second (Wilkerson, 2012). Analyzing this large volume of 

data from each test is a very sensitive and specialized task and they are obtained from graphs 

and charts and analyzed with the help of specific software. 

This technique is usually used to diagnose general pathology. It is also applied in the field of 

medical diagnosis, especially distinguishing and classifying normal blood cells from 

abnormal cells and diagnosis of various blood malignancies, the examination of the response 

to treatment in malignancies and AIDS, and measurement of specific factors in diagnosis and 

prognosis of the disease. It is applicable in the research on rates of cell death and 

apoptosis/necrosis, the rate of DNA genetic material, the viability of cultured cells and 

bacteria, the cell cycle process, the determination of the karyotype, etc., It has been 

emphasized in studies by Jennings, Foon (1997), Landay et al. (1997), Tiersch et al. (1989), 

Dolezel (1997), and Díaz et al. (2010). The use of high dimensional (HD) flow cytometry to 

detect more than 40 parameters simultaneously has emerged as a technique for large-scale 

immune profiling and biomarker discovery (Gadalla et al., 2019). 

Cytometry by time-of-flight (CyTOF), which is also known as mass cytometry, is a new 

combination of flow cytometry and mass spectrometry that excels in multiparametric single-

cell analysis. CyTOF allows simultaneous detection of up to 50 parameters per cell through 

the use of rare metal-labeled antibodies, inductively coupled plasma (ICP) ionization, and 

time-of-flight detector, according to recent technological and computer advances. (Zhang et 

al., 2020) 

Bendall et al. (2011) used this technique for the first time in the field of immunology and 

analyzed 34 parameters by single-cell suspensions from human bone marrow to show 

differential immune cells and drug responses in the human hematopoietic disease. Since then, 

this technology has also been used in immunological studies. Over time and with the 

advancement of technology, the number of parameters has increased significantly in the 

diagnosis panel. This new approach has no fluorophore overlap problems that occur in using 

the traditional FACS method. (Bandura et al., 2009; Razumienko et al., 2008) 

 

2-2- Principles of cytometry by time-of-flight (CyTOF) 

The cytometry method aims to individually measure the physical and chemical characteristics 

of particles. Even though synthetic particles and components isolated from the cell and also 

particles smaller than the cell can be analyzed with this method, animal, plant, and microbial 
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cells are often analyzed with this method. After being injected into the device, the cells in the 

sample are placed in a stream of fluid and pass one by one in front of the laser light beam 

(Macey, 2007). After colliding with each cell, the light is refracted at different angles. The 

light rays, which pass along the edges of the cell, have the lowest angle of refraction and are 

scattered almost forward. This light scattering is called forward scatter (FSC) or forward 

angle light scatters (FALS) and can be a measure of particle or cell size. The light rays, which 

pass through the particle or cell, are refracted at larger angles and scattered around due to 

collision with its internal content. These light scatterings, which are called Side Scatter (SSC) 

or Right Angle Light Scatter (RALS), are measured at an angle of 90º to the laser light beam 

and show the degree of intracellular structural complexity, such as its granularity (Figure 1). 

  

 
Figure 1- Refraction of laser light in the collision with the cell and its scattering in forward 

and side angles 

 

In this method, the markers or surface and cytoplasmic antigens of the cells are important in 

addition to the size and structure of the cells. These antigens can be labeled with an antibody 

attached to fluorescent dye or by using free fluorochrome. The electrons in the molecular 

structure of the fluorescent dye are excited when they collide with the laser light and they 

emit a specific range of visible light when they return to the base state. Therefore, the laser 

light radiation to labeled cells causes the emission of fluorescence. Accordingly, higher 

intensities of fluorescence emission indicate more presence of antigen in the cell. Finally, the 

scattered light in FSC and SSC, and also the emission of fluorescence are separated by filters, 

collected by detectors, and converted into electric current (voltage) with the help of a 

converter. The electric current is converted into digital data using the processor system that is 

displayed by the computer as a graph (Shapiro, Telford, 2018). Therefore, as each cell or 

particle passes through the laser beam, the laser light is deflected and the fluorescent light 

emitted by the cells is collected, converted into analog signals, and separated by optical filters 

and mirrors according to different wavelengths. These signals are digitized and transferred to 

the screen as a histogram. A histogram is a visual representation of the frequency distribution 

of measured parameters (Dunphy, 2004). 

Cells must be alive or resident during the measurement, and each cell must be suspended in 

the liquid. The suspension with the cells must pass through the laser beam in continuous 

flow. Each cell deflects some of the laser light and emits fluorescent light because it is 

excited by the laser, i.e. loaded with extra energy (Laane et al., 2005). 

Therefore, cytometry measures several parameters simultaneously for each cell. These 

parameters include 1- the forward scattering intensity at a low angle and approximately 

proportional to the cell diameter, 2- the orthogonal scattering density (90°) approximately 

proportional to the number of granule structures in the cell, and 3- the fluorescent intensity at 

many wavelengths. 
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Figure 2- Principles of the cytometry technique 

 

Therefore, the most powerful and unique advantage of cytometry is that it can physically 

distinguish cells from each other. Therefore, pure samples of specific cells can be obtained 

for further analysis (Daniel, 2004). Such research has been used in stem cell and gene therapy 

studies since 1990 (Brown, Wittwer; 2000). 

 

2-3- The main stages of cytometry analysis 

Cytometry technique is a very fast method that provides accurate reports of results by 

analyzing thousands of cells in a very short time. In a heterogeneous sample population, 

multi-parameter quantitative properties of cells and their components can be analyzed in a 

short time (Table 1) (Ibrahim, Engh, 2007). 

 

Table 1- The main stages of the cytometry technique 

Implementation 

stages 
Necessary measures 

Before analysis 

- Experimental model design 

- Sampling with anticoagulants 

- Providing other samples if necessary 
- Examining the transportation and storage conditions 

- Determining the proportionality of samples (e.g. coagulation status 

and hemolysis) 
- Identifying the livability of samples (percentage of identifying the 

dead cell) 

During analysis 

Calibration of Laser in the device; light balance; controlling the light 

filters; the electronic control; detector, and controlling the voltage; 
calibration of fluorescent dyes in flow cytometer; the order of control 

group materials; control granules; biological materials; selecting 

antibodies; specificity; desire for combination; a panel of materials' 
antibody in the empirical model; identifying the compounds; analysis of 

one or more parameters; lid arrangement process; separation and 

collection of target cells (cell sorting); removing the dead cells 

After analysis 

Interpretation of data 
Reporting 

Clinical use 

Clinical result 

4-2- Cytometry technique analysis methods 



NeuroQuantology| January 2023 | Volume 21 | Issue 3| Page 240-258| Doi: 10.48047/NQ.2023.21.3.NQ33025 
 Zahra Askari/ Cytometry by Time-of-Flight (CyTOF) and its Application in Brain Immunology 

 

                                                                                                                                                                               

www.neuroquantology.com 

eISSN 1303-5150   

 244 

In flow cytometry, quantitative and qualitative analyses of the cell or its components can be 

performed in four ways (Brown, Wittwer, 2000; Dunphy, 2004; Herzenberg et al., 2002; 

Rahman, 2006). 

The methods are as follows: 

1- Analysis according to the size and structure of the cell granule. 

2- Analysis using a monoclonal antibody labeled with a fluorescent dye. 

3- Analysis using antibodies labeled with multi-color fluorescent dyes (2-17 dyes). 

4- Analysis of antigens and structures in the cell with monoclonal antibodies labeled with the 

fluorescent dye, which is performed as a result of increasing the cell membrane permeability 

(Maecker et al., 2005; Wood, 2006). 

 

5-2- Advantages and disadvantages of the cytometry technique 

This method has great advantages as follows (Langsrud, Sundheim, 2000): 

Speed: This technique is very fast with the potential of testing thousands of cells per second. 

Sensitivity: The fluorescence of cells is not bright enough to be measured with a manual 

epifluorescence microscope but these cells can be detected and measured by flow cytometry. 

Precision: Stability is less than 1% in coefficient of variation (mean/standard deviation) for 

measuring light scattering and fluorescence of uniform microspheres. 

The most powerful and unique advantage of flow cytometry is that it can physically separate 

cells from each other based on any optical characteristic or combination of them. Therefore, 

pure samples of specific cells can be obtained for further analysis. Even though flow 

cytometry devices have high setup costs, they have low operating and maintenance costs 

[36]. 

Furthermore, CyTOF significantly increases the detection capacity. Since this procedure 

requires barcoding of the samples before the staining step, it can perform the same staining, 

rinsing, and permeability steps for up to 20 samples as a multiplex composite sample (Mei et 

al., 2015). 

This technique can also provide reliable quantification, as Gadalla et al. (2019) also reported, 

even with a small number of input cells. During their protocol, it is possible to provide a 

reliable quantification using CyTOF for a small number of human input cells. Their studies 

also indicate that this technique can successfully summarize FACS data on PBMCs and 

tumor tissues and enable reliable staining for more than 35 parameters for high-dimensional 

analyses in clinical cancer studies. Another significant advantage of this technique is the 

spectral overlap and background noise that significantly decreases using this technique. 

Furthermore, the detection overlap between heavy metal isotopes is usually limited to less 

than 2% in this technique (Leipold et al., 2015) the spectral overlap is from 5% to 100% in a 

method such as conventional FACS. The traditional FACS also uses fluorochromes as labels, 

while metal labels all have similar chemical properties in the CyTOF technique because they 

belong to the lanthanide family and thus increase general sensitivities (Tricot et al., 2015). 

On the contrast to these advantages, this technique has disadvantages which are as follows 

respectively (Dalva, Gülbaş, 2005): 

Limited resolution: Flow cytometers can usually measure peak or integrated signals but they 

cannot provide advanced structural details. Therefore, phytoplankton or their species can be 

rarely detected while cells are classified based on their optical properties. Other methods such 

as epifluorescence microscopy and image analysis provide a much greater resolution of 

heterogeneity in a plankton sample. 

Small sample size: Many flow cytometers analyze very small volumes (<0.5 mm
3
), while the 

cells are at least about 103/ml. Therefore, they cannot be accurately analyzed without pre-

focusing or modifying the instrument. Even though flow cytometers can make very accurate 

measurements, such measurements will depend on the proper calibration of the sample. 
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Mass cytometry differs from fluorescence cytometry in various aspects, including 

dimensions, sensitivity, and cell throughput which are summarized in Table (2) (Zhang et al., 

2020). 

 

 

Table 2- Comparisons between flow cytometry and CyTOF properties 

 

 
Flow 

cytometry 
CyTOF 

Labeling Fluorochrome Heavy metal 

Detector 
Fluorescence 

detector 
Mass spectrometry 

Multiplex Up to 30 Up to 45 

Sensitivity High Low 

Sample 

efficiency 
>95% <50% 

Accessibility Easy Moderate 

Cell 

throughput 
10 000 cells/s 500 cells/s 

Cost Moderate High 

Sorting Yes No 

Cell recovery Yes No 
 

 

 

6-2- Phenotype characteristics of the cytometry technique 

According to the above-mentioned cases, CyTOF can multiplex up to 45 cell markers with a 

limited need for spectral overlap compensation, opening a post-fluorescence cytometry era 

for deep phenotyping of cells in complex systems. Genetically similar or even identical cells, 

which play specific roles in disease pathogenesis, can be distinguished by CyTOF. Given the 

ability of quantitative investigation, CyTOF can detect different cell types, including rare 

cells throughout the immune chain (Unen et al., 2017). 

Current innovations in functional measurements of this technique can be classified into 12 

categories: (a) Phenotypic characteristics, (b) Determination of intracellular cytokines, (C) 

Characterization of intracellular signaling status, (d) Measurement of cell volume and size, 

(e) Cell viability discrimination, (f) Cell cycle detection, (g) Proliferation tracking, (h) 

Receptor occupancy assay, (i) Tetramer-based antigen-specific T cell screening, (j) 

Chromatin modification profiling, (k) Detection of RNA and protein-coding, and (l) Mass 

cytometry imaging (Zhang et al., 2020). 
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 Figure 3- Schematic images of functional assays using the CyTOF technique 

 

3- Application of cytometry technique in brain studies 

There are partially scarce major advances in brain injury research, including apoptosis (Wang 

et al., 2018), inflammation (Suzuki, 2019), and oxidative stress (Xu et al., 2019) but 

immunology has received rapid attention (Tong et al., 2017). Despite few available studies, 

the steps taken are a great success in human science and technology and provide a deep 

understanding of the immune response after brain injuries. However, few neuroscientists 

have used these techniques to explore the immune system's effect on brain repair, and we 

should stay to see how researchers will use these powerful tools to systematically deal with 

this issue. 

Traditional flow cytometry has a limited capacity to detect multiple fluorescence parameters 

owing to overlapping fluorochrome spectra, but the CyTOF technique, with its high 

advantages, can assess the immune space of the brain and show the perspective of immune 

cells both in a simple brain (i.e. healthy conditions) and in pathological conditions (e.g. 

neuroinflammation and neurodegenerative diseases) (Wang et al., 2022). Figure (4) shows the 

general procedure of the CyTOF technique in which the necessary samples are collected 

using the human samples or animal models. 
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 Figure 4- The general procedure of the CyTOF technique according to human or animal samples 

 

According to Figure 4, a conjugated antibody with a unique heavy metal isotope is used after 

sampling to prepare the antibody. These single cells are first stained as alive or dead and then 

marked with a barcode to prepare a single brain cell suspension. 

Single cells are stained with ion-conjugated antibodies. The obtained single-labeled cells are 

analyzed using a CyTOF device. Data analysis can be performed using Cytobank and 

assessments can be performed using (but not limited) the Spanning-tree Progression Analysis 

of Density-normalized Events (SPADE), visualization of high-dimensional single-cell data 

based on the randomized t distribution, heat maps, principal component analysis (PCA), and 

uniform manifold approximation and projection (UMAP). In this figure, EAE: 

encephalomyelitis; AD: Alzheimer's disease; HD: Huntington's disease; Nd: Neodymium; Ir: 

Iridium, and Nd142, Nd145, Nd150, and Ir191 are also abbreviations for different CyTOF 

canals. Tom, Tem, and Tslec are abbreviations for different cell types detected by CyTOF. 

 

3-1- Cytometry technique in central nervous system studies 

According to the results of several studies, the central nervous system (CNS), which consists 

of the brain, spinal cord, optic nerves, and retina, contains a variety of immune cells with 

diverse roles in tissue homeostasis, immune defense, and neurological diseases. Mapping 

leukocytes throughout the brain is challenging, especially in pathology, where phenotypic 

changes and an influx of blood-derived cells prevent clear differentiation between active 

leukocyte populations (Mrdjen et al., 2018). Since this central system does not have any 

classical lymphatic drainage system, the brain is traditionally considered an immune-

privileged organ (Ley et al., 2007). 

The higher functional and anatomical evidence highlight the vital role of immune activity in 

the CNS (Louveau et al., 2015). The brain immune compartment contains infiltrating and 

resident immune cells located in the parenchyma and in non-parenchymal structures such as 
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perivascular spaces, subdural meninges, and choroid plexus (CP) (Engelhardt et al., 2017). 

Brain-resident myeloid cells (known as microglia) populate CNS early in embryonic growth 

and are adapted to the specific needs of this tissue. Resident myeloid cells perform normal 

myeloid functions such as phagocytic clearance of debris and sensing tissue damage, as well 

as unique tissue functions such as regulation of neuronal excitability, and synaptic 

organization (Priller, Prinz, 2014; Heppner et al., 2015). 

Infiltrating immune cells, which interact with the brain compartment, undergo a selection 

process in a way that only certain cell populations are included in the brain's immune space. 

We can propose models regarding their roles in normal brain functions by determining which 

immune cells closely surround the nascent brain. Strategies based on gene expression 

analysis provide unbiased insight into these questions. They provide an in-depth description 

of the immune populations in the brain and indicate gene expression profiles of myeloid cells 

in different brain regions under pathological conditions. Mass cytometry (CyTOF) provides a 

broad and high-dimensional view of the brain's immune space. This technology can detect the 

surface marker expression of a wide range of immune cell populations at the single-cell level. 

Like flow cytometry, mass cytometry determines the level of proteins in individual cells. 

However, unlike flow cytometry, mass cytometry uses antibodies labeled with heavy 

elements, and thus it is not confounded by the overlapping emission curves of fluorophores 

and allows the simultaneous measurement of tens of markers in each cell. (Spitzer, Nolan, 

2016) 

 

3-2- Brain health, neurodegeneration, and CyTOF technique  

Immune cells play key roles in maintaining brain functions under healthy conditions. 

Brynskikh et al. (2007) reported that immune cells directly participate in brain learning. This 

issue is true in animal studies, especially in rats with immunodeficiency or those with lower 

immunity. In human studies, Ziv et al. (2019) also indicated that CD4
+
T cells help maintain 

neurogenesis and spatial learning in adults. Autoimmune T cells also play vital roles in 

studies on brain immune cells and functions. In an animal study, Kipnis et al. (2004) 

indicated that adult rats lacking autoimmune T cells suffered from severe cognitive defects 

and behavioral abnormalities, but they gradually recovered after T cell regeneration. 

The brain and its borders create a very dynamic microenvironment of immune cells; however, 

the detection of immune cells in the simple brain compartment is very limited (Korin et al., 

2017). The assessment of the roles of immune cells in the healthy steady state is technically a 

bit challenging owing to a very small number of immune cells in healthy brains. This is 

especially obvious when the traditional FACS approach is used. 

RNA sequencing, mass cytometry, and whole-genome transcriptomic and proteomic analysis 

allow us to have a deeper and broader understanding of the brain's immune system functions 

and reactions to different pathophysiological conditions. In these techniques, RNA 

sequencing methods have been helpful in depicting the complexity and diversity of immune 

cells (Chen et al., 2019). 

Multiple nerve inflammations in the brain caused by internal or external stimuli sometimes 

can cause challenges. The landscape of leukocytes changes dramatically during brain 

neuroinflammation. However, image-based immunohistochemistry or traditional FACS, 

which is usually used in these cases, has a low capacity to detect different types of immune 

cells using a small number of samples. Therefore, CyTOF, as a high-dimensional single-cell 

detection technique, can comprehensively reveal the leukocyte map and the whole immune 

landscape during neurodegeneration and neuroinflammation in the brain. 

The immune landscape of CNS changes dramatically during neuroinflammation. The resident 

immune cells are activated and the parenchyma can be infiltrated by inflammatory leukocytes 

from the environment. Resident phagocytes of CNS must present themselves to 

encephalitogenic T cells during the experimental autoimmune encephalomyelitis (EAE) by 

modeling multiple sclerosis (MS) (Schreiner et al., 2009). Several studies by Greter et al. 
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(2005) and Kivisakk et al. (2009) assigned this role to DCs or BAMs during the onset of 

EAE. Several studies emphasize that a process called "inflammation" gradually increases in 

the brain in aging (Deleidi et al., 2015) and CNS leukocytes may also contribute to 

Alzheimer's-associated inflammation, aging, and neurodegeneration (Baruch et al., 2013; 

Prokop et al., 2015). 

In another study, Ajami et al. (2015) discovered three new CD11b
+
 brain myeloid cell 

populations using CyTOF in an EAE animal model (mouse) and named them A, B, and C 

respectively. All three cell populations expressed conventional markers CD45, CD11b, 

CD317, and CD39. Their studies indicated that populations B and C still expressed MHCII 

and CD86 even though they were previously detected as markers of myeloid cell activation in 

some studies. 

 

3-3- Neuroinflammation caused by stroke and the CyTOF technique 

Stroke is a brain disorder and one of the most common causes of death worldwide. In modern 

medicine, blood supply disorder is known as an important determinant of organ dysfunction 

and is the most important cause of cell and organ death (Simon et al., 2009). Ischemic or 

occlusive stroke is one of the three common types of stroke, accounting for approximately 

80% of stroke cases worldwide (McConnell, Tyska, 2010). Ischemic damage causes 

important neurological defects, including microvascular dysfunction, damage to the blood-

brain barrier (BBB), oxidative stress, and cerebral edema (De Meyer et al., 2016). 

Dead neurons release damage-associated molecular patterns (DAMPs), which often cause 

neuroinflammation in the ischemic hemisphere. This focal inflammation of the brain 

aggravates secondary brain damage and causes subsequent brain inflammation (Shi et al., 

2019). 

Nerve damage immediately after stroke stimulates the activity of resident microglia, followed 

by the infiltration of peripheral circulating leukocytes (Chamorro et al., 2012; Fan et al., 

2016). On the contrary, lymphopenia occurs in peripheral immune organs from a few hours to 

a few weeks (Wang et al., 2020). Benakis et al. (2015) reported that there was a correlation 

between brain neuroinflammation and immune system suppression in peripheral organs. 

Cytometry is a versatile technique for analyzing stroke-induced changes in the immune 

system. Unlike other cell detection methods such as immunohistochemistry, this technique is 

fast and highly sensitive and can determine multiple markers in cell suspensions. There are 

many protocols both for the isolation of immune cells from the brain and for subsequent 

analysis through cytometry (Amu, 2022). 

Full details of these protocols are published to ensure the reproducibility of preclinical and 

clinical stroke results. "The Minimum Information about a Flow Cytometry Experiment 

(MIFlowCyt)" guideline was introduced in 2008 (Lee et al., 2008). 

Li et al. (2020) utilized the mass cytometry technique (CyTOF) to quantify the number of 

immune cells in different organs from 1 to 14 days after stroke and analyzed cell surface 

markers. Their results indicated that CD62L might mediate a specific type of immune cell. In 

another study, Yao et al. (2021) investigated Ischemic postconditioning (IPostC) as a concept 

of ischemic stroke treatment using the CyTOF technique. Their results indicated that the 

reduction of 4E-BP1, Microglial p38α, and MoDM in the ischemic brain plays a very 

effective role in the protection caused by IPostC. Furthermore, the reduction of p38 of p38 

CD4 T cells and Treg also contributed to the protection caused by IPostC in peripheral blood. 

Recent studies indicate that the combination of cytometry technique and clinical animal 

models of brain ischemia provides a broader and deeper image of the multifaceted role of 

immune cells in the development of stroke (Malone et al., 2019). 

Many other researchers such as Wang et al. (2020) Gan et al. (2014), Gu et al. (2012), and 

Anttila et al. (2007) indicate that various immune cells such as brain resident microglia, 

infiltrating T cells, monocytes, NK cells, and neutrophils participate in brain inflammation 

caused by an ischemic stroke. 
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3-4- Brain tumors and the CyTOF technique 

Brain tumors include all tumors inside the skull or tumors inside the central canal of the 

spinal cord. These tumors are usually in the brain, including neurons, glial cells, astrocytes, 

oligodendrocytes, ependymal cells, myelin-producing cells, Schwann cells, lymphatic tissue, 

blood vessels, or in cranial nerves, meninge, pituitary and pineal glands. (Fedele et al., 2005) 

If the tumor arises from the brain or in tissues close to it, including in the membranes 

covering the brain (meninges), cranial nerves, pituitary or pineal gland, it is called a primary 

tumor, and when the tumor spread to the brain from other parts of the body such as the lungs, 

breast, kidney, or other regions of the body, it is called metastatic (secondary) brain tumors 

which are different from primary brain tumors. In general, the probability of developing a 

brain mass due to cancer metastasis in another part of the body is 10 times higher than 

developing a tumor due to cancer of the brain itself. One out of four cancer patients will 

usually have metastatic brain cancer (Jayachandran and Hdansekaran, 2013). 

 

 
Figure 5- Tumor creation in the brain 

  

As the most heterogeneous tissue, the tumor microenvironment (TME) of the brain not only 

contains the unique resident immune cells of the brain, i.e. microglia, but also various 

immune cells from the environment. Therefore, the correct definition of brain tumor 

immunity helps to understand the interactions between tumor and immune cells which can 

also help to predict the immunotherapy results (Hu et al., 2019). 

To detect tumor-specific invasive leukocytes, Becher et al. (2014) used a total of two CyTOF 

panels and 74 parameters for the comprehensive evaluation of myeloid cells and lineage 

immune cells using 38 ex vivo surgical gliomas, brain metastases (BrMs), and non-tumor 

epilepsy samples. The results indicated that glioma and BrMs had distinct TMEs. Tumor-

associated macrophages (TAMs) are the predominant immune cells in glioma, while tumor-

infiltrating lymphocytes (TILs) are the main immune cells in the brain. 

Kawamoto et al. (1979) used low cytometric analysis for DNA content in normal human 

brain cells and in benign and malignant CNSMs. They found that the loss of heterozygosity 

was similar to the CNSM stage. Using a small number of samples, they proved the validity of 

this technique and were the first researchers who proposed the use of cytometry and DNA 

distribution as data of clinical importance in cancer in general and in the diagnosis of CNSM 

in particular. 

Hoshino et al. (1978) presented similar data on several types of CNSM. The main 

methodological difference between this method and the above method is the purification of 

the nuclei obtained from the centrifugation of CNSMs through 40% sucrose and staining with 

an Acriflavin-Feulgen reagent for DNA analysis. The results were similar because DNA 

content in benign tumors (meningioma, pituitary adenoma, neuroblastoma, and low-grade 

astrocytomas) often indicated diploid cell populations with low proliferative index, while 
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most malignant CNSMs, which were often gliomas, had aneuploid populations and/or higher 

proliferation index. 

Another interesting insight was added by Petersen et al. who considered a rare CNSM by 

flow cytometry and cytogenetic analysis as hypodiploid, containing about 75% of the normal 

value of DNA of a diploid cell (Petersen et al., 1981). New studies indicate that the use of 

flow cytometry is useful not only for solid brain tissue but also for the analysis of 

cerebrospinal fluid in case of infiltration of pathological cells (Helson et al., 1982). 

In a study by Peereboom et al. (2019) on glioblastoma (GBM), which is the most common 

primary malignant brain tumor, they analyzed circulating immune cells through flow 

cytometry and evaluated the immune profile of treated tumors with mass cytometry 

(CyTOF). The researchers reported that Myeloid-derived suppressor cells (MDSCs) were 

present in the circulation of GBM patients and in the tumor tissue and were associated with a 

low prognosis. Low-dose chemotherapy decreased MDSCs in clinical models, but the use of 

this strategy to reduce MDSCs in GBM patients was not yet evaluated; hence, it was used in 

this study. The final results of this study indicated that low-dose metronomic capecitabine in 

combination with bevacizumab was well tolerated in GBM patients and was associated with a 

reduction of circulating MDSC levels and an increase in the infiltration of cytotoxic 

immunity into the tumor microenvironment. 

In another study, Friebel et al. (2002) used the CyTOF technique, indicating that TAM was 

directed by a specific type of tumor. Using the CyTO technique, Fu et al. (2020a) confirmed 

that glioma-associated microglia/macrophages (GAMs) were the predominant immune cells 

and contributed to the immunosuppressive properties in primary and recurrent GBM. Unlike 

the brain, where TAMs accumulated, the number of myeloid-derived cells in brain tumor 

patients decreased in the environment. 

 

3-5- Brain synapse and CyTOF technique 

A synapse is a biological structure at the end of all axons through which a nerve cell sends its 

message to the dendrite, cell body, or axon of another nerve cell, muscle cell, a gland. There 

are many synapses in the human brain and they can be classified into two types, electrical and 

chemical. The use of synaptometry by time-of-flight (SynTOF), which is basically the use of 

the CyTOF technique in brain synapse research, is very useful for understanding the 

composition of cell-neuron synapses in the nascent brain. Neuron synapses play key roles in 

signal transmission. 

Gajera et al. [76] were the first researchers who adapted the CyTOF technique to analyze 

human synaptosomes and brain-enriched nerve terminals and called this method “SynTOF”. 

They stained single cells from collected synapses with a panel of neuronal markers specific 

for synaptosomes. This marker panel included phenotypic markers specific to brain cell types 

(e.g. CD11b, CD56, and CD298), myelin basic protein (MBP), and synapses (e.g. CD47, 

dopamine transporter (DAT)). This method allowed Stanford researchers to compare the 

human brains without pathological changes or with pure Alzheimer's disease (AD) or Lewy 

body dementia (LBD) 

Using the machine learning approaches to the dataset, this technique has not only confirmed 

previously-established differences, such as reduced caudate dopamine transporter in LBD and 

increased hippocampal pathologic tau in AD, but has also provided new insights; for 

example, increased hippocampal CD47 and reduced DJI protein in AD, and higher ApoE 

protein in AD with dementia. 

Phongpreecha et al. (2021) measured 38 antibody probes in about 17 million single synaptic 

events from the human brain without pathological changes or with pure AD or Lewy body 

dementia (LBD), non-human primates (NHPs) and PS/APP mice. Their results indicated that 

the synaptic molecular integrity was similar in humans and NHPs. Even though Aβ was not 

detected in human synapses, it was present in single synaptic events of PS/APP mice. 

Clustering and identification of human synapse patterns indicated the expected differences of 
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specific diseases such as increased hippocampal pathologic tau in AD and reduced caudate 

dopamine transporter in LBD. Furthermore, it confirmed the previously unknown findings 

such as increased hippocampal CD47 and reduced DJ1 in AD, and higher ApoE in AD with 

dementia. 

Gajera et al. (2019) used the SynTOF technique and sought to overcome the challenges of 

single synapse analysis and analyzed 390,000 individual synaptosomes collected from 13 

human brain samples and specified the changes in synaptic diversity in Lewy body disease 

(LBD), Alzheimer's disease (AD), and normal brain. In this study, they simultaneously 

analyzed 34 parameters on the collected synaptosomes. The results indicated that this method 

was associated with expected changes in the molecular composition of striatal dopaminergic 

synapses in Lewy body disease and Alzheimer's disease. Mass synaptometry enabled highly-

parallel molecular profiling of synaptic terminals. 

 

3-6- Microglia and CyTOF technique 

Microglia, as resident immune cells in the brain, play a major role in brain growth and 

development, homeostasis, neuroinflammation, neurological diseases, and psychiatric 

diseases. In diseases, microglia respond to the changed environment and are activated, while 

their heterogeneity dramatically increases (Wes et al., 2016). In healthy conditions, microglia 

functionally support the growth of neurons, modify synapses, and destroys dead cells. 

(Butovsky and Weiner, 2018) 

Even though the brain was previously assumed to be an "immune-privileged" organ because 

peripheral immune cells were unable to cross the blood-brain barrier, today's increasing 

evidence suggests that glial cells, particularly microglia and astrocytes, form and modulate 

the complex neuroimmune system of the brain in response to infection and drug intervention 

(Hidenori, 2019; Antoine et al., 2020). As ongoing research also acknowledges, 

macrophages, oligodendrocytes, and endothelial cells also play important roles in the 

neuroimmune process (Voet et al., 2019). The activation of these nerve cells may damage 

healthy neurons and lead to brain damage by releasing pro/anti-inflammatory cytokines and 

reactive oxygen species (ROS). It is worth noting that this system is also important for brain 

metabolism and development by regulating synaptogenesis, neurotransmitter transmission, 

and nutritional support of neurons (Wynn et al., 2013; Zmora et al., 2017). Therefore, brain 

immunity may play an essential role in the pathology of several neurological disorders and 

brain growth. 

It is noteworthy that the immune compartment of the brain includes not only resident immune 

cells- i.e. microglia, but also infiltrating immune cells. In this regard, Shechter et al. (2018), 

reported that immune cells can enter certain places, such as the brain, which have immunity 

privilege, through the vascular coating that acts as an immune diversion gate. In another 

study, Mrdjen et al. (2018) also prove that there are significant values of leukocytes in normal 

CNS, including brain resident microglia and macrophage-like cells, classical DCs (cDCs), 

pDCs, B cells, NK cells, and natural killer T (NKT) cells. 

In a study by the CyTOF method, Becher et al. (2014) identified microglia, DCs, and 

monocytes as separate populations in nascent brains that were expanded with the help of cell 

and protein surface phenotype markers. These data were later confirmed by Mrdjen et al. 

(2018). 

In addition to GBM, the CyTOF technique has also been used for diffuse astrocytoma (DA) 

and oligodendroglioma (OG). According to Fu et al. (2020b), high-dimensional analysis is 

urgently needed since the immune microenvironment is important for the development, 

progression, and prognosis of anaplastic glioma (AG) and this complex environment has not 

yet been fully identified. Therefore, the researchers analyzed the immune cells of 5 patients 

with anaplastic astrocytoma, IDH-mutant (AAmut), and 10 patients with anaplastic 

oligodendrogliomas, IDH-mutant, p/19q (AOD), and their paired peripheral blood 

mononuclear cells (PBMCs). A panel of 33 biomarkers indicated tumor-induced immune 
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changes in the AG immune microenvironment. Their study confirms that mononuclear 

phagocytes and T cells are the most abundant immunocytes in the immune microenvironment 

of AG. Glioma-associated microglia/macrophages in both AAmut and AOD samples showed 

highly-immunosuppressive properties. 

Based on the highly heterogeneous characteristics of microglia and using single-cell 

sequencing, Sankowski et al. (2019) and Masuda et al. (2019) studied the spatial and 

temporal heterogeneity of mouse and human microglia in two separate studies. Their results 

indicated that different genes are regulated differently during developmental and disease 

stages in microglia. Their results showed abnormal expression of microglia RNA in human 

glioma and MS. Sankowski et al. (2019) combined both single-cell sequencing and CyTOF 

methods, indicating that glioma-associated microglia had disease-associated signatures. They 

used gene ontology enrichment analysis and indicated the most significant changes that were 

closely associated with inflammatory responses (e.g. cell-to-cell leukocyte adhesion, response 

to interferon (IFN)-c, and phagocytic capabilities), and response to oxidative stress. 

 

4- Conclusion 

The cellular network of the human brain is highly dynamic and complex, but well organized 

and controlled. Its cellular dynamics pass between separated and integrated states over time 

in different types of cells and regions. Myeloid cells of CNS include microglia and CNS-

associated macrophages (CAMs) as well as infiltrating monocytes all of which are key 

players in this network. 

It is challenging to investigate cellular markers and their phenotypes at the single-cell level in 

complex heterogeneous tissues, especially in the brain. Peripheral leukocytes migrate to the 

brain through the BBB during neuroinflammation and thus create a more complex brain 

microenvironment. The use of the high-dimensional CyTOF technique makes it possible to 

"see" the whole picture of different immune cells, tumor cells, or synapses at the single-cell 

level by significantly increasing the number of its staining channels using a smaller number 

of samples. This technique has created a new insight into the most complex organ of the 

body, namely the brain, and has created a correct understanding of the diagnosis of brain 

diseases and the process of their recovery or treatment in recent years. 

Applying this technique is especially important for the brain, which is an active immune site 

and consists of resident and infiltrating immune cells that affect brain growth, tissue 

homeostasis, and neural activity. 

CyTOF can be integrated with other techniques for comprehensive analysis because it allows 

single-cell analysis of post-degradation changes in proteins that provide new insights into cell 

signaling dynamics in target cells. Therefore, this technique has been successfully used to 

discover new immune populations among humans and rodents. Given the very diverse 

applications of this technique for the analysis of various types of cells in parts of the brain, its 

use is very useful and usable and helps to save or improve the lives of many people. 

 

 

 

References 
Ajami, B., Samusik, N., Wieghofer, P., Ho, PP., Crotti, A., Bjornson, Z., et al. (2018). Single-cell 

mass cytometry reveals distinct populations of brain myeloid cells in mouse neuroinflammation and 

neurodegeneration models. Nat Neurosci; 21(4):541-51. 

Amu, S., Malone, K.(2022). Flow cytometry and stroke: from current methodology to future 
applications. Neural Regen Res, 17(8): 1748–1750. doi: 10.4103/1673-5374.332138. 

Anttila, J.E., Whitaker, K.W., Wires, ES., Harvey, BK., Airavaara, M.(2107). Role of microglia in 

ischemic focal stroke and recovery: focus on Toll-like receptors. Prog 
Neuropsychopharmacol Biol Psychiatry .79(Pt A):3-14. 

https://pubmed.ncbi.nlm.nih.gov/?term=Amu%20S%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Malone%20K%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8820698/
https://doi.org/10.4103%2F1673-5374.332138


NeuroQuantology| January 2023 | Volume 21 | Issue 3| Page 240-258| Doi: 10.48047/NQ.2023.21.3.NQ33025 
 Zahra Askari/ Cytometry by Time-of-Flight (CyTOF) and its Application in Brain Immunology 

 

                                                                                                                                                                               

www.neuroquantology.com 

eISSN 1303-5150   

 254 

Antoine, D., Izaskun, B., Damien, L., et al., (2020).“Immune responses and anti-inflammatory 

strategies in a clinically relevant model of thromboembolic ischemic stroke with reperfusion,” 

Translational Stroke Research, Vol. 11, No. 3, pp. 481–495. 
Baruch, K., Ron-Harel, N., Gal, H., Deczkowska, A., Shifrut, E., Ndifon, W., Mirlas-Neisberg, N., 

Cardon, M., Vaknin, I., Cahalon, L., et al. (2013). CNS-specific immunity at the choroid plexus shifts 

toward destructive Th2 inflammation in brain aging. Proc. Natl. Acad. Sci. USA 110, 2264-2269. 
Bandura, D.R., Baranov, V.I., Ornatsky, O.I., Antonov, A., Kinach, R., Lou, X., et al. (2009). Mass 

cytometry: technique for real time single cell multi-target immunoassay based on inductively coupled 

plasma time-of-flight mass spectrometry. Anal Chem; 81(16): 6813-22. 

Becher,B., Schlitzer,A., Chen J, Mair F, Sumatoh HR, Teng KWW, et al.(2014). Highdimensional 
analysis of the murine myeloid cell system. Nat Immunol .15(12): 1181-9. 

Benakis, C., Brea, D., Caballero, S., et al. (2016). Commensal microbiota affects ischemic stroke 

outcome by regulating intestinal γδ T cells. Nature Medicine. 22(5): 516-523. doi: 10.1038/nm.4068. 
Bennett, M.L., Bennett, F.C., Liddelow, S.A., Ajami, B., Zamanian, J.L., Fernhoff, N.B, et al. (2016). 

New tools for studying microglia in the mouse and human CNS. Proc Natl 

Acad Sci USA; 113(12):E1738–46. 
Bendall, S.C., Simonds, E.F., Qiu, P., Amir, A.D., Krutzik, P.O., Finck, R., et al. (2011). Single-cell 

mass cytometry of differential immune and drug responses across a human hematopoietic continuum. 

Science; 332(6030):687–96. 

Brown, M., Wittwer, C., (2000). Flow cytometry: principles and clinical applications in hematology. 
Clin. Chem., 46, 1221–1229. 

Brynskikh, A., Warren, T., Zhu, J., Kipnis, J. (2008). Adaptive immunity affects learning behavior in 

mice. Brain Behav Immun; 22(6):861–9. 
Butovsky, O., Weiner, H.L. (2018). Microglial signatures and their role in health and 

disease. Nat Rev Neurosci; 19(10):622–35. 

Chamorro, Á., Meisel, A., Planas, A., Urra, X., van de Beek, D., Veltkamp, R. (2012). The 
immunology of acute stroke. Nature Reviews. Neurology; 8(7): 401-410. 

doi: 10.1038/nrneurol.2012.98. 

Jayachandran, A., Hdansekaran, R. (2013). Brain Tumor Detection using Fuzzy Support Vector 

Machine Classification based on a Texton Co-occurrence Matrix. Journal of imaging Science and 
Technology, Vol. 57, No. 1, pp. 10507-1-10507-7. 

Chen, Y., Hong-Wei, S., Neal, E.L., et al., (2019). “Single-cell RNA-seq reveals TOX as a key 

regulator of CD8+ T cell persistence in chronic infection,” Nature Immunology, Vol. 20, no. 7, pp. 
890–901. 

Dalva, K., Gülbaş, Z.(2005).“Flow cytometry applications”, Turkish Society of Hematology 

Molecular Hematology, 44-52. 

Daniel, H. (2004). A review and applications of flow cytometry. Department of Chemistry, University 
of Illinois at Urbana-Champaign. 

Deleidi, M., Jaggle, M., and Rubino, G. (2015). Immune aging, dysmetabolism,  and inflammation in 

neurological diseases. Front. Neurosci. 9, 172. 
De Meyer, SF., Denorme, F., Langhauser, F., Geuss, E., Fluri, F., Kleinschnitz, C. (2016). 

Thromboinflammation in stroke brain damage. Stroke; 47(4):1165–72. 

Díaz, M., Herrero, M., García, L.A., Quirós, C.(2010). Application of flow cytometry to industrial 
microbial bioprocesses. Biochemical engineering journal.; 48(3):385-407. 

Dolezel J. (1997). Application of flow cytometry for the study of plant genomes. Journal of applied 

Genetics; 38(3). 

Dunphy, C.H., (2004). Applications of Flow Cytometry and immunohistochemistry to Diagnostic 
Hematopathology. Arch. Pathol. Lab. Med. 128:9, 1004-1022. 

Engelhardt, B., Vajkoczy, P., Weller, R.O.(2017). The movers and shapers in immune privilege of the 

CNS. Nat. Immunol. 18, 123–131 (2017). 
Fan, Y., Xiong, X., Zhang, Y., et al. (2016). MKEY, a peptide inhibitor of CXCL4-CCL5 heterodimer 

formation, protects against stroke in mice. Journal of the American Heart Association; 5(9) 

doi: 10.1161/JAHA.116.003615.  
Fang, W., Zhai, X., Han, D., Xiong, X., Wang, T., Zeng, X., et al. (2018). CCR2-dependent 

monocytes/macrophages exacerbate acute brain injury but promote functional recovery after 

ischemic stroke in mice. Theranostics; 8(13):3530–43. 



NeuroQuantology| January 2023 | Volume 21 | Issue 3| Page 240-258| Doi: 10.48047/NQ.2023.21.3.NQ33025 
 Zahra Askari/ Cytometry by Time-of-Flight (CyTOF) and its Application in Brain Immunology 

 

                                                                                                                                                                               

www.neuroquantology.com 

eISSN 1303-5150   

 255 

Fedele, F., Caruso, R., Venuti, A., Finocchiaro, G. (2005). A system for brain tumor volume 

estimation via mr imaging and fuzzy connectedness. Computerized Medical Imaging and Graphics. 

Friebel, E., Kapolou, K., Unger, S., Núñez, NG., Utz, S., Rushing, EJ., et al. (2020). Single-cell 
mapping of human brain cancer reveals tumor-specific instruction of tissue invading leukocytes. Cell; 

181(7):1626–42.e20. 

Fu, W., Wang, W., Li, H., Jiao, Y., Huo, R., Yan, Z., et al. (2020a). Single-cell atlas reveals 
complexity of the immunosuppressive microenvironment of initial and recurrent glioblastoma. Front 

Immunol; 11:835. 

Fu,W.,
 
Wang,W.,

 
Li,H., et al.(2020). CyTOF Analysis Reveals a Distinct Immunosuppressive 

Microenvironment in IDH Mutant Anaplastic Gliomas. Front Oncol.; 10: 560211. 
doi: 10.3389/fonc.2020b.560211. 

Gadalla, M., Babak, N., MacLeod, B.L., Dickson, R.J., et al. (2019). Validation of CyTOF Against 

Flow Cytometry for Immunological Studies and Monitoring of Human Cancer Clinical Trials, 
Image_1.JPEGImage_2.JPEG. Frontiers in Oncology 9. DOI: 10.3389/fonc.2019.00415. 

Gan, Y., Liu, Q., Wu, W., Yin, J-X., Bai, X-F., Shen, R., et al. (2014). Ischemic neurons recruit 

natural killer cells that accelerate brain infarction. Proc Natl Acad Sci USA; 111(7):2704–9. 
Greter, M., Heppner, F.L., Lemos, M.P., Odermatt, B.M., Goebels, N., Laufer, T., Noelle, R.J., and 

Becher, B. (2005). Dendritic cells permit immune invasion of the CNS in an animal model of multiple 

sclerosis. Nat. Med. 11, 328–334. 

Gajera, C.R., Fernandez, R., Postupna, N., et al. (2020). Mass Synaptometry: High-Dimensional Multi 
Parametric Assay for Single Synapses. J Neurosci Methods. Jan 15; 312: 73–83. 

Gu, L., Xiong, X., Zhang, H., Xu, B., Steinberg, GK., Zhao, H. (2012). Distinctive effects of T cell 

subsets in neuronal injury induced by cocultured splenocytes in vitro and by 
in vivo stroke in mice. Stroke .43(7):1941–6. 

Hidenori, S. (2019).“Inflammation: a good research target to improve outcomes of poor-grade 

subarachnoid hemorrhage”, Translational Stroke Research, vol. 10, no.6, pp. 597-600. 
Herzenberg, L.A., Parks, D., Sahaf, B., Perez, O., Roederer, M. )2002(. The history and future of the 
fluorescence activated cell sorter and flow cytometry: a view from stanford. Clin. Chem., 48, 1819–

1827. 

Helson, L.; Traganos, F.; Allen, J.C. (1982). Brain tumor cells; flow cytofluorometric analyses in 
cerebrospinal fluid. N. Y. State J. Med., 82, 1255–1259. 

Heppner, F.L., Ransohoff, R.M., Becher, B. (2015). Immune attack: the role of inflammation in 

Alzheimer disease. Nat. Rev. Neurosci. 16, 358–372. 
Hoshino, T.; Nomura, K.; Wilson, C.B.; Knebel, K.D.; Gray, J.W. (1978). The distribution of nuclear 

DNA from human brain-tumor cells: Flow cytometric studies. J. Neurosurg., 49, 13–21. 

Hu, AX., Adams, JJ., Vora, P., Qazi, M., Singh, SK., Moffat, J., et al.(2019). EPH profiling of BTIC 

populations in glioblastoma multiforme using CyTOF. Methods Mol Biol;1869:155–68 
Ibrahim, S.F., Engh, G.V.D., (2007). Flow cytometry and cell sorting. Adv. Biochem. 

Engin/Biotechnol., 106, 19–39. 

Jennings, C.D., Foon, K.A., (1997). Recent advances in flow cytometry: application to the diagnosis 
of hematologic malignancy. Blood, The Journal of the American Society of Hematology; 90(8):2863-

92. 

Kipnis, J., Cohen, H., Cardon, M., Ziv, Y., Schwartz, M. (2004). T cell deficiency leads to cognitive 
dysfunction: implications for therapeutic vaccination for schizophrenia and other psychiatric 

conditions. Proc Natl Acad Sci USA; 101(21):8180–5. 

Kivisakk, P., Imitola, J., Rasmussen, S., Elyaman, W., Zhu, B., Ransohoff, € R.M., and Khoury, S.J. 

(2009). Localizing central nervous system immune surveillance: meningeal antigen- resenting cells 
activate T cells during experimental autoimmune encephalomyelitis. Ann Neurol, Apr; 65(4):457-69. 

doi: 10.1002/ana.21379. 

Kawamoto, K., Herz, F., Wolley, R., Hirano, A., Kajikawa, H., Koss, L. (1979). Flow cytometric 
analysis of the DNA distribution in human brain tumors. Acta Neuropathol., 46, 39–44. 

Korin
 
, B., Dubovik

 
, T., Rolls, A.(2018). Mass cytometry analysis of immune cells in the brain. Nat 

Protoc. Feb; 13(2):377-391. doi: 10.1038/nprot.2017.155. Epub 2018 Jan 25. 
Korin, B., Ben-Shaanan, T.L., Schiller, M. et al. (2017). High-dimensional, single-cell 

characterization of the brain's immune compartment. Nature Neuroscience. volume 20, pages1300-

1309. 

https://pubmed.ncbi.nlm.nih.gov/?term=Fu%20W%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Wang%20W%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Li%20H%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7890006/
https://doi.org/10.3389%2Ffonc.2020.560211
https://pubmed.ncbi.nlm.nih.gov/?term=Gajera%20CR%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Fernandez%20R%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Postupna%20N%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=30465796
https://pubmed.ncbi.nlm.nih.gov/?term=Korin+B&cauthor_id=29370157
https://pubmed.ncbi.nlm.nih.gov/?term=Dubovik+T&cauthor_id=29370157
https://pubmed.ncbi.nlm.nih.gov/?term=Rolls+A&cauthor_id=29370157
https://www.nature.com/articles/nn.4610#auth-Ben-Korin
https://www.nature.com/articles/nn.4610#auth-Tamar_L-Ben_Shaanan
https://www.nature.com/articles/nn.4610#auth-Maya-Schiller


NeuroQuantology| January 2023 | Volume 21 | Issue 3| Page 240-258| Doi: 10.48047/NQ.2023.21.3.NQ33025 
 Zahra Askari/ Cytometry by Time-of-Flight (CyTOF) and its Application in Brain Immunology 

 

                                                                                                                                                                               

www.neuroquantology.com 

eISSN 1303-5150   

 256 

Landay, A., Ohlsson-Wilhelm, B., Giorgi, J.V.(1990). Application of flow cytometry to the study of 

HIV infection.Aids; 4(6):479-98. 

Laane, E., Tani, E., Björklund, E., Elmberger, G., Everaus, H., Skoog, L., Porwit MacDonald. A., 
(2005). Flow cytometric immunophenotyping including Bcl-2 detection on fine 

needle aspirates in the diagnosis of reactive lymphadenopathy and non-Hodgkin's 

lymphoma. Cytometry Part B Clinical Cytometry 64B1, 34-42. 
Langsrud, S., Sundheim, G. (2000). “Flow cytometry for rapid assessment of bacterical viability”, 

International Biodeterioration & Biodegradation. 36(3), 467-467. 

Lee, J.A., Spidlen, J., Boyce, K., Cai, J., Crosbie, N., et al. (2008). MIFlowCyt: the minimum 

information about a Flow Cytometry Experiment. Cytometry A.; 73: 926–930. 
Leipold, MD., Newell, EW., Maecker, HT.(2015). Multiparameter phenotyping of human PBMCs 

using mass cytometry. Methods Mol Biol; 1343:81–95. 

Ley, K., Laudanna, C., Cybulsky, MI., Nourshargh, S. (2007). Getting to the site of inflammation: the 
leukocyte adhesion cascade updated. Nat Rev Immunol; 7(9):678–89. 

 Li,Y.,
 
Wang,Y.,

 
Yao,Y., et al.(2020).

 
Systematic Study of the Immune Components after Ischemic 

Stroke Using CyTOF Techniques. J Immunol Res. doi: 10.1155/2020/9132410. 
Louveau, A. et al. (2015). Structural and functional features of central nervous system lymphatic 

vessels. Nature 523, 337–341. 

Macey, M.G. (2007). Principles of flow cytometry. Flow Cytometry: Springer. p. 1-1.5 

Maecker, H.T., Rinfret, A., D'souza, P., Darden, J., Roig, E., Landry, C. et al. (2005). Standardization 
of cytokine flow cytometry assays. BMC. Immunol, 6, 1471-2172. 

Malone, K., Amu, S., Moore, AC., Waeber, C. (2019). The immune system and stroke: from current 

targets to future therapy. Immunol Cell Biol.; 97:5–16. 
Masuda, T., Sankowski, R., Staszewski, O., Böttcher, C., Amann, L.,et al.(2019). Spatial and 

temporal heterogeneity of mouse and human microglia at single-cell resolution. Nature; 

566(7744):388–92. 
McConnell, RE., Tyska, MJ., (2010). Leveraging the membrane–cytoskeleton interface with myosin-

1. Trends Cell Biol; 20(7):418–26 

Mei, HE., Leipold, MD., Schulz, AR, Chester, C, Maecker, HT.(2015). Barcoding of live human 

peripheral blood mononuclear cells for multiplexed mass cytometry. J Immunol; 194(4):2022–31. 
Mrdjen, D., Pavlovic, A., Hartmann, FJ., Schreiner, B., Utz, SG., Leung, BP., et al.(2018) High-

dimensional single-cell mapping of central nervous system immune cells 

reveals distinct myeloid subsets in health, aging, and disease. Immunity; 48(2):380–95. 
Mrdjen, D.,

 
Pavlovic

, A.,
.Hartmann, F.G.,Schreiner, B.,Utz,S.G., ET AL.(2018). High-Dimensional 

Single-Cell Mapping of Central Nervous System Immune Cells Reveals Distinct Myeloid Subsets in 

Health, Aging, and Disease. Immunity, Volume 48, Issue 2, 20 February, Pages 380-395.e6. 

Mohammadsadeghi, S.M.A., Zahedi, S., Rostami, A., Kazemi, H. (2013). Introduction to flow 
cytometry, general principles and methods. Tehran: Mirmah. 

Olson, R.J., Zetter, E.R., Anderson, O.K. (2005). Discrimination of eukaryotic phytoplankton cell type 

from light scatter and autofluorescence properties measured by flow cytometry, Cytometry, 10, 636-
693. 

Phongpreecha, T., Gajera, C., Liu, C., et al. (2021). Single-synapse analyses of Alzheimer’s disease 

implicate pathologic tau, DJ1, CD47, and ApoE. science advances, vol. 7, no. 51. 
Peereboom, D.M., Alban, T.J., Grabowski, M.M., et al. (2019). Metronomic capecitabine as an 

immune modulator in glioblastoma patients reduces myeloid-derived suppressor cells. JCI Insight.  

Nov 14; 4(22): e130748. doi: 10.1172/jci.insight.130748. 

Petersen, S.E.; Frederiksen, P.; Friedrich, U. (1981). Cytogenetic analysis and flow cytometric DNA 
measurement of a human tumor with pronounced hypodiploidy. Cancer Genet. Cytogenet, 4, 1–9. 

Prinz, M., Priller, J.(2014). Microglia and brain macrophages in the molecular age: from origin to 

neuropsychiatric disease. Nat. Rev. Neurosci. 15, 300–312. 
Prokop, S., Miller, K.R., Drost, N., Handrick, S., Mathur, V., Luo, J., Wegner, A., Wyss-Coray, T., 

and Heppner, F.L. (2015). Impact of peripheral myeloid cells on amyloid-b pathology in Alzheimer’s 

disease-like mice. J. Exp. Med. 212, 1811–1818. 
Rahman,M.( 2006). Introduction to flow cytometry. Serotec Ltd. Oxford (UK). Published by Serotec 

Ltd. 

https://pubmed.ncbi.nlm.nih.gov/?term=Li%20Y%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Wang%20Y%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Yao%20Y%5BAuthor%5D
https://doi.org/10.1155%2F2020%2F9132410
https://www.sciencedirect.com/journal/immunity/vol/48/issue/2
https://www.science.org/doi/10.1126/sciadv.abk0473#con1
https://pubmed.ncbi.nlm.nih.gov/?term=Peereboom%20DM%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Alban%20TJ%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Grabowski%20MM%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6948860/
https://doi.org/10.1172%2Fjci.insight.130748


NeuroQuantology| January 2023 | Volume 21 | Issue 3| Page 240-258| Doi: 10.48047/NQ.2023.21.3.NQ33025 
 Zahra Askari/ Cytometry by Time-of-Flight (CyTOF) and its Application in Brain Immunology 

 

                                                                                                                                                                               

www.neuroquantology.com 

eISSN 1303-5150   

 257 

Razumienko, E., Ornatsky, O., Kinach, R., Milyavsky, M., Lechman, E., Baranov, V. et al.(2008). 

Element-tagged immunoassay with ICP-MS detection: evaluation and comparison to conventional 

immunoassays. J Immunol Methods; 336(1):56–63. 
Sankowski, R., Böttcher, C., Masuda, T., Geirsdottir, L., Sindram, E, et al. (2019). Mapping microglia 

states in the human brain through the integration of highdimensional techniques. Nat Neurosci; 

22(12):2098–110. 
Simon, R.P., Aminoff, MJ., Greenberg, DA.(2009). Clinical Neurology. 7th ed. New York: Mc Graw 

Hill. 

Spitzer, M.H., Nolan, G.P.(2016). Mass cytometry: single cells, many features. Cell 165, 780–791. 

Schwartz, M., Kipnis, J., Rivest, S., Prat A. How do immune cells support and shape the brain in 
health, disease, and aging? J Neurosci 2013; 33(45):17587–96. 

Schreiner, B., Heppner, F.L., and Becher, B. (2009). Modeling multiple sclerosis in laboratory 

animals. Semin. Immunopathol. 31, 479–495. 
Shapiro, H.M., Telford, W.G. (2018). Lasers for flow cytometry: current and future trends. Current 

protocols in cytometry; 83(1):1.9. 1-9. 21. 

Shechter, R., London, A., Schwartz, M. (2013). Orchestrated leukocyte recruitment to immune-
privileged sites: absolute barriers versus educational gates. Nat Rev Immunol; 13(3): 206–18. 

Shi, K., Tian, DC., Li, ZG., Ducruet, AF., Lawton, MT., Shi, FD.(2019). Global brain 

inflammation in stroke. Lancet Neurol; 18(11):1058–66. 

Suzuki, H.(2019). “Inflammation: a good research target to improve outcomes of poor-grade 
subarachnoid hemorrhage,” Translational Stroke Research, vol. 10, no. 6, pp. 597–600. 

Tiersch TR, Chandler RW, Wachtel SS, Elias S. Reference standards for flow cytometry and 

application in comparative studies of nuclear DNA content. Cytometry. The Journal of the 
International Society for Analytical Cytology. 1989; 10(6):706-10. 

Tong, L.S., Shao, A.W., Ou, Y.B. et al., (2017). “Recombinant Gas 6 augments Axl and facilitates 

immune restoration in an intracerebral hemorrhage mouse model,” Journal of Cerebral Blood Flow 
and Metabolism, vol. 37, no. 6, pp. 1971–1981. 

Tricot,S., Meyrand, M., Sammicheli, C., Elhmouzi-Younes, J., Corneau, A., Bertholet, S., et 

al.(2015). Evaluating the efficiency of isotope transmission for improved panel design and a 

comparison of the detection sensitivities of mass cytometer instruments. Cytometry  A;87(4):357–68. 
Unen, V., Hollt, T., Pezzotti, N., et al. (2017). Visual analysis of mass cytometry data by hierarchical 

stochastic neighbor embedding reveals rare cell types. Nat Commun.; 8(1):1740 10.1038/s41467-017-

01689-9.  
Voet, S., Srinivasan, S., Lamkanfi, M., Loo, G.V.(2019). “Inflammasomes in neuroinflammatory and 

neurodegenerative diseases,” Embo Mol Med, vol. 11, no. 6. 

Wang, Y., Xu, B., Xue, L. (2022). Applications of CyTOF in Brain Immune Component Studies. 

Engineering 16, pp. 187–197. 
Wang, Y., Luo, Y., Yao, Y., Ji, Y., Feng, L., Du, F., et al. (2020). Silencing the lncRNA Maclpil in 

pro-inflammatory macrophages attenuates acute experimental ischemic stroke via LCP1 in mice. J 

Cereb Blood Flow Metab; 40(4):747–59. 
Wang, Z., Zhou, F., Dou, Y., et al., (2018). “Melatonin alleviates intracerebral hemorrhage-induced 

secondary brain injury in rats via suppressing apoptosis, inflammation, oxidative stress, DNA 

damage, and mitochondria injury,” Translational Stroke Research, vol. 9, no. 1, pp. 74–91. 
Wes, PD., Holtman, IR., Boddeke, E.W., Möller, T., Eggen, BJ. (2016). Next generation 

transcriptomics and genomics elucidate biological complexity of microglia in 

health and disease. Glia; 64(2):197–213. 

Wilkerson, M.J. (2012). Principles and applications of flow cytometry and cell sorting in companion 
animal medicine. Veterinary Clinics: Small Animal Practice; 42(1):53-71. 

Wood, B., (2006). 9-color and 10-color flow cytometry in the clinical laboratory. Arch. Pathol. Lab. 

Med., 130,680-690. 
Wynn, T.A., Chawla, A., Pollard, J.W.(2013). “Macrophage biology in development, homeostasis and 

disease,” Nature, vol. 496, no. 7446, pp. 445–455,. 

Xu, W., Li, T., Gao, L., et al., (2019). “Sodium benzoate attenuates secondary brain injury by 
inhibiting neuronal apoptosis and reducing mitochondria-mediated oxidative stress in a rat model of 

intracerebral hemorrhage: possible involvement of DJ-1/Akt/IKK/NFκB pathway,” Frontiers in 

Molecular Neuroscience, vol. 12, pp. 105–108. 



NeuroQuantology| January 2023 | Volume 21 | Issue 3| Page 240-258| Doi: 10.48047/NQ.2023.21.3.NQ33025 
 Zahra Askari/ Cytometry by Time-of-Flight (CyTOF) and its Application in Brain Immunology 

 

                                                                                                                                                                               

www.neuroquantology.com 

eISSN 1303-5150   

 258 

Yao, Y., Li, Y., Ni, W., Li, Z., Feng, L., (2021). Systematic Study of Immune Cell Diversity in 

ischemic postconditioning Using High-Dimensional Single-Cell Analysis with Mass Cytometry. Aging 

and disease, Vol. 12, Issue (3) : 812-825. DOI: 10.14336/AD.2020.1115. 
 Ziv, Y., Ron, N., Butovsky, O., Landa, G., Sudai, E., Greenberg, N., et al. Immune cells 

contribute to the maintenance of neurogenesis and spatial learning abilities 

in adulthood. Nat Neurosci 2006; 9(2): 268–75 
Zhang, T., Warden, A.R.,

  
Li, Y.,

 
Ding, X.,(2020). Progress and applications of mass cytometry in 

sketching immune landscapes. Clin Transl Med. Oct; 10(6): e206. doi: 10.1002/ctm2.206 

Zmora, N., Bashiardes, S., Levy, M., Elinav, E.(2017). “The role of the immune system in metabolic 

health and disease,” Cell Metabolism, vol. 25, no. 3, pp. 506–521. 

http://www.aginganddisease.org/
http://www.aginganddisease.org/
http://www.aginganddisease.org/EN/archive/2021
http://www.aginganddisease.org/EN/Y2021/V12/I3
https://doi.org/10.14336/AD.2020.1115
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang%20T%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Warden%20AR%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Li%20Y%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=Ding%20X%5BAuthor%5D
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7556381/
https://doi.org/10.1002%2Fctm2.206

