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Abstract

Lipid analysis performed by high performance thin layer chromatography (HPTLC) is a relatively simple, cost-effective method of analyzing a
broad range of lipids. The function of lipids (e.g., in host-pathogen interactions or host entry) has been reported to play a crucial role in cellular
processes. Here, we show a method to determine lipid composition, with a focus on the cholesterol level of primary blood-derived neutrophils,
by HPTLC in comparison to high performance liquid chromatography (HPLC). The aim was to investigate the role of lipid/cholesterol alterations
in the formation of neutrophil extracellular traps (NETs). NET release is known as a host defense mechanism to prevent pathogens from
spreading within the host. Therefore, blood-derived human neutrophils were treated with methyl-β-cyclodextrin (MβCD) to induce lipid alterations
in the cells. Using HPTLC and HPLC, we have shown that MβCD treatment of the cells leads to lipid alterations associated with a significant
reduction in the cholesterol content of the cell. At the same time, MβCD treatment of the neutrophils led to the formation of NETs, as shown by
immunofluorescence microscopy. In summary, here we present a detailed method to study lipid alterations in neutrophils and the formation of
NETs.

Video Link

The video component of this article can be found at https://www.jove.com/video/54667/

Introduction

Lipids have been shown to play important roles in cell homeostasis, cell death, host-pathogen interactions, and cytokine release1. Over time,
interest for and knowledge on the impact of lipids in host-pathogen interactions or inflammation have increased, and several publications confirm
the central role of certain lipids, especially the steroid cholesterol, in cellular responses. Pharmacological treatment with statins, which are used
as inhibitors of cholesterol biosynthesis by blocking 3-hydroxy-3-methylglutaryl-coenzym-A-reductase (HMG-CoA-reductase), can act as anti-
inflammatory agents by lowering the serum levels of interleukin 6 and C-reactive protein2. Cholesterol- and glycosphingolipid-enriched structures
can be used by several pathogens, such as bacteria and viruses, as a gateway into the host3,4,5,6. Sphingolipids (e.g., sphingomyelin) have been
shown to be used by pathogens to promote their pathogenicity7. In macrophages, mycobacteria use cholesterol-enriched domains for entering
cells; a depletion of cholesterol inhibits mycobacterial uptake8. Furthermore, infection of macrophages with Francisella tularensis, a zoonotic
agent responsible for tularemia (also known as rabbit fever)9, led to an infection that was abolished when cholesterol was depleted from the
membranes10. Similarly, the invasion of host cells by Escherichia coli via lipid-rich structures was demonstrated to be cholesterol-dependent4.
Moreover, Salmonella typhimurium infection experiments of epithelial cells demonstrated that cholesterol is essential for pathogen entry into
the cells11. Cholesterol depletion inhibited the uptake of Salmonella11. Furthermore, a recent study by Gilk et al. demonstrated that cholesterol
plays an important role in the uptake of Coxiella burnetti12. Additionally, Tuong et al. found that 25-hydroxycholesterol plays a crucial role in
phagocytosis by lipopolysaccharide (LPS)-stimulated macrophages13. Phagocytosis was reduced when macrophages were pharmacologically
treated to deplete cholesterol14. Thus, cholesterol and other lipids seem to play an important role in infection and inflammation, since their
depletion can reduce the risk of invasion from several pathogens10,11,12.

Recently, we were able to show that lipid alterations, especially the depletion of cholesterol from the cell, induce the formation of neutrophil
extracellular traps (NETs) in human blood-derived neutrophils15. Since the discovery of NETs in 2004, they have been shown to play critical roles
in bacterial entrapment, and thus in hindering the spread of infection16,17. NETs consist of a DNA backbone associated with histones, proteases,
and antimicrobial peptides16. The release of the NETs by neutrophils can be induced by invading pathogens18,19 and chemical substances
such as phorbol-myristate-acetate (PMA) or statins16,20. However, the detailed cellular mechanisms, and especially the role of lipids in this
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process, are still not entirely clear. The analysis of lipids can lead to a better understanding of the mechanisms involved in a wide variety of
cellular processes and interactions, such as the release of NETs. Cholesterol and sphingomyelin are vital constituents of the cell membrane and
lipid microdomains, where they add stability and facilitate the clustering of the proteins involved in protein trafficking and signaling events21. To
investigate the mechanistic role of certain lipids, amphiphilic pharmacological agents, such as the cyclic oligosaccharide methyl-β-cyclodextrin
(MβCD), can be used to alter the lipid composition of a cell and to reduce cholesterol in vitro15. Here, we present a method to use HPTLC to
analyze the lipid composition of neutrophils in response to MβCD. HPLC was used to confirm the level of cholesterol in the neutrophil population.
Furthermore, we describe a method to visualize the formation of NETs by immunofluorescence microscopy in human blood-derived neutrophils in
response to MβCD.

Protocol

The collection of the peripheral blood in this protocol was approved by the local human research ethics commission. All human subjects provided
their written informed consent.

1. Isolation of Human Blood-derived Neutrophils by Density Gradient Centrifugation

1. Isolation of human blood-derived neutrophils
1. Layer ~20 mL of blood onto 20 mL of sodium diatrizoate/dextran solution near a flame and without mixing.
2. Centrifuge for 30 min at 470 x g without brake.
3. Remove the mononuclear cells and the yellowish plasma layer. Transfer the polymorphonuclear cell (PMN) phase (second phase with

accumulating cells; Figures 1 and 2) into a new 50 mL tube and fill it up to 50 mL with 1x phosphate-buffered saline (PBS).
4. Centrifuge for 10 min at 470 x g with brake.
5. Remove the supernatant and resuspend the pellet in 5 mL of sterile water for 5 s to lyse the erythrocytes.
6. Immediately fill up to 50 mL with 1x PBS and centrifuge for 10 min at 470 x g.
7. Remove the supernatant. The pellet should be white. If it is still red, repeat steps 1.1.5 and 1.1.6.
8. Resuspend the pellet in 1,000 µL of Roswell Park Memorial Institute (RPMI) medium. Count the cell number using trypan blue staining

in a hemocytometer under a light microscope.
9. Prepare a cell suspension in RPMI at a concentration of 2 x 106/mL. Approximately 2.5 x 107 neutrophils can be harvested from 20 mL

of blood.

2. Pharmacological treatment of neutrophils for lipid analysis
1. Use 5 x 107 cells from step 1.1.9. Adjust the cell number in pure Hank´s Balanced Salt Solution (HBSS) medium in the presence or

absence of 10 mM MβCD or 25 nM PMA in a total volume of 300 µL in a 1.5 mL reaction tube.
2. Incubate the samples in the reaction tubes for 2 h at 37 °C and 5% CO2.
3. Centrifuge for 10 min at 470 x g with brake.
4. Remove the supernatant and resuspend the cell pellet in 300 µL of HBSS.
5. Centrifuge for 10 min at 470 x g with brake.
6. Resuspend the cell pellet in 1 mL of chloroform/methanol (1:1), homogenize it with a 26-G cannula by sucking the sample in and out

into a 1 mL syringe 10 times, and store the samples at -20 °C.

3. Pharmacological treatment of neutrophils for NET quantification by immunofluorescence
1. Prepare poly-L-Lysine-coated 48-well plates with glass coverslips.

1. Place one 8-mm glass coverslip in each well, add 55 µL of sterile 0.01% Poly-L-Lysine, and incubate for ~20 min at room
temperature (RT).

2. Wash twice with 200 µL of 1x PBS. Store the plates with 200 µL of 1x PBS per well in a refrigerator until required.
3. Carefully add 100 µL of cell suspension (2 x 105/100 µL) from step 1.1.9 per well in the center of each coverslip.
4. Add 100 µL per well of either the final 10 mM MβCD or the final 25 nM PMA.
5. Centrifuge for 5 min at 370 x g with brake.
6. Incubate for 2 h at 37 °C and 5% CO2.
7. Centrifuge for 5 min at 370 x g with brake.
8. Fix the cells with 155 µL of 4% PFA, wrap them in plastic paraffin film, and store them overnight at 4 °C or for 10 min at RT.

 

NOTE: For data on NET formation induced by MβCD, see Neumann et al.15.

2. Lipid Isolation and Analysis of Human Blood-derived Neutrophils

1. Isolate the lipids from the human peripheral blood-derived neutrophils based on Bligh and Dyer22 and Brogden et al.23

1. Take neutrophils from step 1.2.6 and place them on ice.
2. On ice, pipette the neutrophils (present in methanol and chloroform solution) to a 15 mL screw-cap glass tube with a

polytetrafluoroethylene (PTFE) seal and homogenize them by shaking for 1 min. Use glass tubes to prevent the lipids from binding to
plastic surfaces. Use PTFE caps to prevent contamination from rubber/plastic.

3. Add 2 mL of methanol followed 1 min later by 1 mL of chloroform. Shake again for 1 min.
4. Rotate the glass tubes at RT and 50 rpm for 30 min.
5. Pellet the protein fraction by centrifuging the solution at 7 °C and 1,952 x g for 10 min.
6. Carefully decant the supernatant into a new 15 mL glass screw-cap tube, leaving the protein-containing pellet behind. Store the pellet

at -20 °C for future quantification.
7. Add 1 mL of chloroform, wait 1 min, add 1 mL of double-distilled water, and invert the glass screw-cap tube with the sample for 30 s.
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8. Centrifuge at 7 °C and 1,952 x g for 10 min and discard the upper phase, down to, but not including, the cloudy layer.
9. If required, perform an optional further purification step by repeating step 2.1.8.
10. Dry the samples in a vacuum concentrator at 60 °C and store them at -20 °C until required.

2. High performance thin layer chromatography (HPTLC) to semi-quantify the amount of several lipids, including cholesterol,
phospholipids, and sphingomyelin

1. Prepare the following four running solutions and staining solution.
1. Solution 1: Mix ethyl acetate (26.6%), 1-propanol (26.6%), chloroform (26.6%), methanol (26.6%), and potassium chloride

(9.6%). Prepare KCl by dissolving 0.25 g of KCl in 100 mL of HPLC-quality water.
2. Solution 2: Mix n-hexane (73%), diethyl ether (23%), and citric acid (2%).
3. Solution 3: 100% n-hexane.
4. Prepare the staining solution by mixing distilled water (90 mL) with 7.5 g of copper sulphate, and then add 10 mL of phosphoric

acid.

2. Fill up to 5 mm of each solution in a separate glass chamber. Add any kind of filter paper to increase the running speed in each
chamber.

3. Pre-incubate a 20 x 10 cm HPTLC silica gel 60 glass plate in the first running solution until the running solution reaches the top of the
plate. Then dry it for 10 min at 110 °C.
 

NOTE: These plates can be stored for future use in aluminum foil and dried for 10 min at 110 °C prior to use.
4. Dissolve the lipid pellet obtained from step 2.1.10 in 200 µL of chloroform/methanol (1:1) solution and incubate for 15 min at 37 °C to

dissolve.
5. Use a ruler and a soft pencil to mark the loading spots for the desired number of samples, plus at least one standard. Mark the running

distance at approximately 4 cm and 6 cm for the first and second running solution, respectively.
6. To load the samples, wash the 10 µL syringe 3 times in chloroform/methanol (1:1) prior to loading each new sample. Load 10 µL

of each sample drop-wise, trying to concentrate the sample on as small an area as possible. Samples should be loaded at least in
duplicates.

7. Place the plate vertically into the first chamber with running solution 1 (step 2.2.1.1). Ensure that the plate is parallel to the wall of the
glass chamber to achieve a uniform migration speed.

8. Once the solvent line has reached the first mark, remove the plate, dry it, and place it in the second solution. Repeat similar steps for
the second and for the third running solutions; leave the plate in the solution until the solvent front reaches the top of the plate, then
remove and dry it at RT for 1 min.

9. Place plate in copper sulphate solution for 7 s. Remove the plate, dry it thoroughly, and bake it in an oven for 7 min at 170 °C. Wait for
the plate to cool.

10. Using a thin layer chromatography and gel analysis software, as well as an image processing software, scan and analyze as described
previously by Brogden et al.23.

3. High performance liquid chromatography (HPLC) to quantify the amount of cholesterol
1. Attach a 100 x 4.6 mm column to a 5 µm/4.6 mm guard cartridge and heat it to 32 °C. Use methanol as the mobile phase at a flow rate

of 1 mL/min at 65 bar and a UV detector measuring at 202 nm to quantify the amount of cholesterol in each sample.
2. Wash the HPLC machine thoroughly prior to analyzing the samples, performing the following steps: cleaning the pump, washing the

needle, rinsing the pot, purging the syringe, and washing the pump purge. Wash all with water. Lastly, perform a system purge with
methanol at a flow rate of 5 mL/min for 5 min.

3. To establish a cholesterol standard curve, prepare at least 4 concentrations ranging from 0.05 mg/mL to 2 mg/mL of cholesterol in
chloroform/methanol (1:1)24.

4. Resuspend the samples obtained from step 2.1.10 in 500 µL of chloroform/methanol (1:1) in amber-colored 1.5 mL glass bottles with
screw-top red PTFE/white silicone lids.

5. Quantify the cholesterol concentrations using the standard prepared in step 2.3.3.
 

NOTE: Fill in the sampling protocol, starting with at least one standard and one negative control, followed by the samples.
6. Express the results as the area under the curve and compare between appropriate samples using any statistical software.

 

NOTE: Results can also be quantified against a standard curve and can be shown as the total cholesterol amount per mL, g, or number
of cells. The standard curve equation should be calculated by using the values obtained in step 2.3.3.

3. Visualization and Quantification of NETs

1. Visualization of NETs
 

NOTE: The visualization of NETs is based on previously-published work by Neumann et al.15.
1. Wash the fixed samples from step 1.3.8 3 times with 200 µL of 1x PBS.
2. Block and permeabilize with 100 µL of 2% BSA, 0.2% Triton X-100 in PBS per well for 45 min at RT.
3. Add 100 µL of primary antibodies: mouse monoclonal anti DNA-histone 1-antibody (dilute the stock with 2.2 mg/mL 1:5,000 in PBS

containing 2% BSA and 0.2% Triton X-100) or polyclonal antibody against myeloperoxidase (MPO; rabbit anti-MPO; dilute 1:300 in
PBS containing 2% BSA and 0.2% Triton X-100). Incubate overnight at 4 °C.

4. Wash 3 times with 200 µL of 1x PBS.
5. Add 100 µL of the secondary antibody (fluorescence-labelled goat anti-mouse; 1:1,000 in BSA-PBS-Triton X-100 and goat anti-rabbit;

1:1,000 BSA-PBS-Triton X-100) for 1 h at RT in the dark.
6. Wash 3 times with 200 µL of 1x PBS.
7. Remove coverslips using tweezers and place them face down with 3 µL of mounting medium containing DAPI on glass slides.
8. Examine the samples using a confocal inverted-base fluorescence microscope equipped with a HCX PL APO 40X 0.75-1.25 oil

immersion objective15.
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2. Quantification of the NET-releasing nuclei
1. Open an image processing software (e.g., ImageJ) and drag and drop picture of interest into the tool bar.
2. Click on "Plugins," "Analyze," and "Cell counter."
3. Press the "Initialize" button in the counter window and choose a counter type (e.g., click on 7 in red for NET-releasing cells and 8 in

yellow for non-releasing cells, as displayed in Figure 6B-i and ii).
 

NOTE: The criteria for NET-positive cells: Positively stained green nucleus + a less dense nucleus (loss of lobulation) or a loss of the
round shape of the nucleus + an increased size of the nucleus, or an occurrence of a distinct extracellular off-shoot.

4. Click every cell adhering to the above criteria and write the counted cell number into a data sheet of an analysis software.
5. Calculate the percentage of NET-releasing cells using the counted cell numbers of NET-releasing and non-releasing cells.

Representative Results

Human blood-derived neutrophils were isolated by density gradient centrifugation (Figure 2). To investigate the effect of lipid alterations
on neutrophils, the cells were treated with 10 mM MβCD, which depletes cholesterol from the cell. Subsequently, the lipids were isolated
from the samples by Bligh and Dyer (Figure 1, left panel), as described by Brogden et al.23. The prepared lipid samples were loaded onto
silica gel HPTLC plates and run using a three-solution protocol, which has been optimized to separate and visualize a broad range of
lipids, including cholesterol, cholesterol esters, sphingomyelin, phospholipids, and triacylglycerides, free fatty acids, monoacylglycerol,
phosphatidylethanolamine, cardiolipin, phosphatidylserine, and phosphatidylcholine (Figure 3A). Oxygenated derivatives of cholesterol
(oxysterols) are not detectable with this method. An additional quantitative analysis of cholesterol was performed using HPLC (Figure 3B). The
regression value for cholesterol was markedly better when using HPLC (Figure 4A) compared to HPTLC (Figure 4B). To visualize the NETs, the
cells were stimulated with the above-mentioned stimuli, fixed, and stained for DNA/histone 1 (green), MPO (red), and DNA (blue) as typical NET
markers (Figure 5A). As displayed in Figure 5A, a clear occurrence of MPO, DNA/histone 1, and DNA occurs in the NETs when the cells were
treated with 10 mM MβCD for 2 h. Subsequently, the effect of cholesterol reduction was microscopically analyzed. Therefore, cells were stained
for DNA (blue) and DNA/histone 1 (green), and NET-releasing nuclei were counted using the cell counter plugin from the image processing
software ImageJ (Figure 5B). Untreated neutrophils served as a control for spontaneous NET formation (Figure 5B-i). In the displayed figure,
the NET release in untreated neutrophils after 2 h of incubation was 3.89%, whereas the treatment of the cells with 10 mM MβCD resulted in
35.17% NET formation (Figure 5B).
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Figure 1: Schematic showing the steps involved in determining the lipid composition and extracellular trap release from human blood-
derived neutrophils. Neutrophils are isolated using a density gradient and treated with Methyl-β-cyclodextrin (MβCD) to induce lipid alterations
and NET formation. Thereafter, lipids are isolated and analyzed by using either HPTLC or HPLC, and NETs are visualized and quantified by
immunofluorescence.
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Figure 2: Images depicting a typical density gradient used to isolate polymorphonuclear cells from freshly-isolated blood. Four layers
are visible post centrifugation: plasma, mononuclear cells, polymorphonuclear cells, and erythrocytes.
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Figure 3: HPTLC and HPLC analysis of lipids isolated from neutrophils. (A) Standard used to identify the lipids present in neutrophils
via HPTLC (left lane). CE: Cholesterol esters, TG: Triacylglycerides, FFA: Free fatty acids, Chol: Cholesterol, MG: Monoacylglycerol, PE:
Phosphatidylethanolamine, CL: Cardiolipin, PS: Phosphatidylserine, PC: Phosphatidylcholine, and SM: Sphingomyelin. (B) Representative result
showing a cholesterol-specific peak for 2 mg/mL at 4.980 min using the HPLC protocol described here.
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Figure 4: HPLC and HPTLC analyses of cholesterol. Graphs showing the relationship between cholesterol concentration and area, as
measured by HPLC (A), and band intensity, as measured by HPTLC (B). The minimum detection limit for HPLC was 0.0016 mg/mL, with a
regression value for the standard curve of 0.998 N = 3, SEM (A). Cholesterol ranging from 2 mg/mL down to 0.05 mg/mL can be semi-quantified
using HPTLC (B), with a minimum detection limit of 0.05 mg/mL N = 3, SEM. The regression value for the HPTLC standard curve is 0.918.
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Figure 5: Representative fluorescence micrographs displaying NET structures and subsequent NET quantification. (A) Neutrophils
stimulated with 10 mM MβCD for 2 h were stained for (ii) MPO (red), (iii) DNA/histone 1 (green), and (iv) DNA (blue). (i) Overlay of (ii), (iii), and
(iv). (B) The cells were incubated for 2 h with (i) HBSS medium or (ii) 10 mM MβCD, and released NETs were stained for nuclei (blue) and DNA/
histone 1 (green). NET-negative nuclei were marked with counter 8 (yellow) and NET-positive nuclei with counter 7 (red).

Discussion

The methods described here can be used to analyze specific lipids, such as cholesterol, by HPTLC or HPLC and to investigate the effects of
pharmacological lipid alterations on the formation of NETs (see Neumann et al.15).

HPTLC is a relatively cost-effective and simple method to analyze a broad range of lipids in a large number of samples. This method has
been used in many research areas, including antibiotic quantification25, lipid storage in lysosomal storage diseases26, and the determination of
cholesterol and cholesterylglucoside levels in epithelial cells27. The method described here was modified and optimized to isolate lipids from
a purified neutrophil population; however, a slightly modified version can also be used to isolate lipids from tissue samples (see Brogden et
al.23). Using this method, lipids can also be effectively separated, identified, and semi-quantified against a known standard. A critical step in
this method is the usage of the respective named buffer, since the usage of any other buffer or medium may lead to lipid contamination and
unspecific lipid bands in the samples. Since sensitivity is limited with HPTLC, HPLC should be used as a more accurate method for absolute
quantification.

HPLC facilitates the quantification and identification of cholesterol and its various forms or derivatives by performing a comparison to a known
lipid. By using the protocol described above, it is possible to reliably quantify down to 0.0016 mg/mL cholesterol (Figure 4A), with a linear ratio
up to 10 mg/mL (R = 0.990). The HPTLC method enables cholesterol detection down to 0.05 mg/mL, but with a sigmoid curve and a lower
correlation coefficient of R = 0.906 (Figure 4B). The higher sensitivity and higher correlation coefficient thus makes HPLC a much superior
method for the exact quantification of lipids, which subsequently enables smaller differences between the samples to be detected. However,
both methods can be used in combination; HPTLC can be used to gain an overview into which lipids may be altered, and HPLC may be used
in a more targeted approach to quantify the difference of a specific lipid in a given sample. When comparing our measurements with the values
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obtained by others28,29, less cholesterol was quantified in total neutrophils. This might be explained by the methodology used. Other studies used
a fluorimetric detection, which is based on an enzyme-coupled reaction that detects both free cholesterol and cholesterylesters.

Here, HPTLC and HPLC are used in combination to verify that MβCD leads to a significant reduction of cholesterol as also previously shown
by Gorudko et al.28. They demonstrated a 60% reduction of cholesterol in neutrophils by 10 mM MβCD. Additionally, a slight reduction of
sphingomyelin level but not cholesterol esters was detectable in the neutrophils when treated with MβCD (see Neumann et al.15). At the same
time, the depletion of cholesterol leads to the formation of NETs (see Neumann et al.15). These finding correlate well with the phenomenon that
treatment of neutrophils with statins, inhibitors of the 3-hydroxy 3-methylglutaryl coenzyme A (HMG-CoA) reductase, the rate-limiting enzyme in
cholesterol biosynthesis, boosts formation of NETs. However, since statin treatment of neutrophils exhibits stronger NET induction compared to
MβCD treatment (see Neumann et al.15 and Chow et al.20), additional effects of statins e.g. on prenylated membrane-anchored effector proteins
might also be involved in formation of NETs.

The formation of NETs is a relatively novel described host defense mechanism. The extracellular DNA fibers have now been described not only
in mammals30,31, but also in chicken, fish, shrimps, and plants32,33,34,35. Upon stimulation of the neutrophils with pathogens or other stimuli, NETs
are released into the extracellular space, where they entrap and possibly kill invading pathogens36. Studying the lipid composition of an activated
neutrophil may help to understand the cellular mechanisms mediating its antimicrobial activity. Since we measured only the total lipid level of
the neutrophils, it remains to be determined how the lipid content differs and is affected by MβCD in whole cell versus plasma membranes and
among different membrane micro domains. However, this requires specific membrane separation procedures as previously described (Xu et
al.).37

Besides chromatin, human NETs contain several neutrophil proteins, such as MPO; elastase, the antimicrobial peptide LL-37; or calgranulin17,36.
Recent research has focused heavily on the role of those specific proteins and morphological changes, which initiate and facilitate the formation
of NETs15,38,39. However, so far, there is only limited knowledge about the importance of certain lipids during this process15,20. Therefore, this is a
particularly interesting area to be explored in more detail in the future. Finally, knowledge on lipid membrane modifications could serve as a basis
for therapeutic approaches to boost the immune system against infections. As an example, it was shown that the depletion of cholesterol might
help in fighting antibiotic-resistant pathogens such as H. pylori, since it was demonstrated that cholesterol enhances the resistance of those
bugs against antibiotics and antimicrobial peptides40. Similar studies might be helpful for understanding host-pathogen interactions with different
bacterial species.
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