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Abstract

Macrophage efferocytosis is a previously unrecognized key pathogenic event, engulfing apoptotic targets, preventing
inflammation and necrosis, and maintaining immune homeostasis. The phagocytic function can be disrupted by harmful
factors and toxic substances. This protocol describes a versatile visualized in vitro method that can be used for the detection
of general efferocytosis. This method is applicable to a wide range of research scenarios. As a representative application, it
can be used to evaluate macrophage efferocytosis dysfunction in diseases linked to harmful exposures, including
atherosclerosis, chronic inflammation, and malignant tumors. Among them, the detection of the effects of oxidized low-
density lipoprotein (ox-LDL) and arsenite on macrophage efferocytosis capacity is an exemplary application of this protocol.
Primary macrophages collected from mice were labeled with a cell-tracking dye and exposed to ox-LDL or arsenite, then
co-cultured with apoptotic thymocytes or hepatocytes (labeled with another cell-tracking dye) for 2 h at a ratio of 5:1.
Macrophage efferocytosis was visualized using a laser confocal microscope. The results indicate that arsenite impaired
macrophage efferocytosis, leading to insufficient clearance of apoptotic thymocytes or hepatocytes. This method can be
extended to subsequent studies, including those involving different types of phagocytes, apoptotic cell models, and research
related to exposure to various factors.

Key features

e  This protocol harvests primary mouse macrophages, treats them with different factors (ox-LDL, sodium arsenite), and
assesses efferocytosis of apoptotic/necrotic thymocytes or hepatocytes.

e Dye-swap red—green staining eliminates fluorescence interference and staining bias and validates dye effects on
efferocytosis.
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Confocal laser scanning microscopy is employed to evaluate the efferocytosis of various apoptotic cells by primary
peritoneal macrophages (PMs) in response to different factors [oxidized low-density lipoprotein (ox-LDL) and
sodium arsenite]. This schematic illustrates the step-by-step experimental procedure, including efferocytosis of
dexamethasone-induced apoptotic/necrotic thymocytes by macrophages under ox-LDL exposure, efferocytosis of
dexamethasone-induced apoptotic/necrotic thymocytes by macrophages under sodium arsenite exposure, and efferocytosis
of sodium arsenite-induced apoptotic/necrotic hepatocytes by macrophages under sodium arsenite exposure.

Background

Efferocytosis, a specialized type of phagocytosis, is defined as the phagocytosis and clearance of apoptotic, aged, or injured
cells [1,2]. Impaired efferocytosis causes an inflammatory response and leads to disease states [2,3]. Macrophages are the
major component involved in efferocytosis [4]. Impaired macrophage efferocytosis exacerbates inflammation and tissue
damage, thereby advancing the progression of various inflammatory disorders, such as atherosclerosis, autoimmune
conditions, and cancer [2,5-8]. Under physiological conditions, macrophages residing in almost every organ and tissue are
the major phagocytes to perform efferocytosis [9-11]. Some tissue-resident macrophages have specific names, such as
alveolar macrophages in the lungs, microglia in the brain, and Kupffer cells in the liver [1]. All of these cells are involved
in removing apoptotic cells through efferocytosis in different tissues [1].

Various factors (e.g., alkaloids, advanced glycation end products, modified low-density lipoproteins, heavy metals,
pesticides, and pollutant residues) have a pathogenetic role in the development and progression of impaired efferocytosis-
related diseases, including diabetes [12], cardiovascular diseases [13], and neurological disorders [14]. Previous studies have
demonstrated that 7-ketocholesterol, 12(S)-hydroxyeicosatetraenoic acid, 20-OH-RvE4, SiO,, ethanol, and acetaldehyde
impair the efferocytosis capacities of mouse or human macrophages [15-19]. Arsenic, classified as a metalloid, is a naturally
occurring element that is widely distributed in the Earth's crust [20]. Environmental arsenic exposure correlates with multi-
system disorders, including skin [21], nervous [22], respiratory [23], cardiovascular [24,25], and immune systems [26].
Arsenic is one of WHO’s 10 chemicals of major public health concern [27]. In this study, sodium arsenite was used as a
representative factor to elucidate its effect on macrophage efferocytosis. Low-density lipoproteins (LDLs), especially
oxidized LDL (ox-LDL), play a key role in promoting atherosclerosis [28,29]. High levels of ox-LDL are considered a risk
factor for cardiovascular events due to their central role in atherosclerotic plaque formation [30]. In this study, ox-LDL was
selected as another distinct representative factor to investigate its regulatory effects on macrophage efferocytosis.

In the present study, a visualized in vitro protocol is applied to evaluate the effects of different factors on efferocytosis. This
approach involves isolating primary cells, co-culturing cell-tracking dye-labeled macrophages with apoptotic cells, and
recording the results using laser confocal microscopy. This approach offers several advantages, including convenience and
visualization, particularly of the intricate details of cellular processes [31,32]. The superior resolution and depth of field
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provided by confocal microscopy allow for the observation of intracellular structures, facilitating the analysis of
morphological changes during efferocytosis, such as the formation of pseudopodia and the engulfment of apoptotic targets.
These details enable researchers to directly observe the process of macrophages engulfing apoptotic targets and the nuances
of their interactions.

This protocol presents an updated efferocytosis assay protocol, based on existing approaches [33,34]. The protocol details
two distinct approaches—the first using two distinct representative factors (ox-LDL and arsenite) and the second using two
kinds of apoptotic cells (thymocytes and hepatocytes). These approaches clarify the efferocytotic capacity of macrophages
toward apoptotic cells generated under different conditions. Furthermore, they provide a reliable method for evaluating the
effects of different factors on macrophage efferocytosis.

Materials and reagents

Reagents

1. Isoflurane (RWD, catalog number: R510-22-10)

2. Annexin V-FITC/PI Apoptosis Detection kit (Elabscience, catalog number: E-CK-A211)

3. CellTrace™ CMTPX Red cell tracer (Yeasen Biotechnology, catalog number: 40717ES)

4. CFDA SE Cell Proliferation and Cell Tracking kit (Yeasen Biotechnology, catalog number: 40714ES), comprising CFDA-
SE fluorescent probe (40714-A), CFDA-SE solvent (40714-B), and 5x cell staining buffer (40714-C)

5. Collagenase Type IV (Sigma, catalog number: C5138, specific activity >125 CDU/mg)

6. Dexamethasone (GlpBio, catalog number: GC40775)

7. EDTA (Invitrogen, catalog number: 91222920)

8. M199 medium (GlpBio, catalog number: C11150500BT)

9. Oxidized LDL (ox-LDL) (Yiyuan Biotech, catalog number: YB-002)

10. Penicillin-streptomycin solution (pen/strep) (Procell Life Science & Technology, catalog number: PB180120)
11. RPMI 1640 culture medium (Gibco, catalog number: C11875500BT)

12. Sodium arsenite (Sigma-Aldrich, catalog number: S9663)

13. Thioglycollate medium (Sigma-Aldrich, catalog number: T9032)

14. Phosphate buffer saline (PBS), pH 7.4 (Biopico Life Sciences, catalog number: 090501)

15. 1 M HEPES solution (Procell Life Science & Technology, catalog number: PB180325)

16. 10x Hanks’ balanced salt solution (HBSS), Ca®*/Mg**-free (Sigma-Aldrich, catalog number: H4641)
17. Calcium chloride, anhydrous (CaCl,) (Sangon Biotech, catalog number: A501330)

18. Red blood cell lysis buffer (Elabscience, catalog number: E-CK-A105)

19. Fetal bovine serum (FBS) (Procell Life Science & Technology, catalog number: 164210)

20. Sodium pyruvate solution (Procell Life Science & Technology, catalog number: PB180422)

21. GlutaMAX (Gibco, catalog number: 35050061)

22. Puralube vet ointment (Dechra, catalog number: 1703321138)

Solutions

1. 3% (w/v) thioglycollate medium (see Recipes)
2. 1,000x CFDA-SE stock solution (see Recipes)
3. CFDA-SE working solution (see Recipes)

4. Wash buffer (see Recipes)

5. Collagen buffer (see Recipes)

Recipes

1. 3% (w/v) thioglycollate medium

Prepare fresh 3% (w/v) thioglycollate medium aseptically in a biosafety cabinet by dissolving 0.03 g of thioglycollate
medium powder (4 °C storage) in 1 mL of sterile PBS. Immediately apply the prepared solution to maintain optimal
induction efficiency.
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2. 1,000x CFDA-SE stock solution

To prepare the 1,000x CFDA-SE stock solution, add 500 uL. of CFDA-SE solvent to one tube of CFDA-SE fluorescent
probe (1.4 mg) and mix thoroughly to yield a clear stock solution with a concentration of 2.8 mg/mL. Aliquot the stock
solution immediately after preparation and store it at < -20 °C (or -70 °C for an extended shelf life) under dry and light-
protected conditions; repeated freeze-thaw cycles must be strictly avoided. The stock solution is optimal for use within 1
month and has a maximum shelf life of 2 months when stored as specified above.

3. CFDA-SE working solution

Prepare 1x cell staining buffer (the diluent for CFDA-SE) by taking the supplied 5x cell staining buffer and diluting it 1:5
with sterile deionized water (e.g., 2 mL of 5x buffer mixed with 8 mL of sterile deionized water) with thorough agitation.
Store the diluted 1x buffer at 4 °C, protected from light, and use it within 1 week for optimal performance. For the 2x
CFDA-SE working solution, take the 1,000x CFDA-SE stock solution thawed to 20-25 °C, dilute it 1:500 with freshly
prepared 1x cell staining buffer (e.g., 2 puL of 1,000x stock added to 1 mL of 1x buffer), and mix gently to form a
homogeneous 2x working solution.

Critical: The working solution must be freshly prepared immediately before use, as CFDA-SE is susceptible to hydrolysis
in aqueous solutions; all preparation steps should be performed in the dark to prevent fluorophore quenching. All kit
components are pre-sterilized, and no additional sterilization is required.

4. Wash buffer
Reagent Final concentration Volume
1 M HEPES 50 mM 5mL
0.5 M EDTA (pH 7.98) 5mM 1 mL
10x HBSS 1x 10 mL
ddH,O 84 mL
Total 100 mL

Prepare the solution according to the table above and autoclave before use.

5. Collagen buffer
Reagent Final concentration Volume
1 M HEPES 50 mM 1.5 mL
CaCl; (50 mM) 5 mM 3mL
10x HBSS 1x 3mL
ddH,O 22.5mL
Total 30 mL

Prepare the solution according to the table above and autoclave prior to use.

Note: The 50 mM CaCl; working solution is prepared by diluting 2 mL of 1 M CaCl; stock solution (11.1 g of CaCl, dissolved
in 100 mL of ddH>0) into 38 mL of ddH,O. Due to the poor aqueous stability of collagenase, add 30 mg of collagenase
powder to 30 mL of the pre-autoclaved solution immediately before primary hepatocyte isolation, yielding a working
concentration of 1 mg/mL (=125 CDU/mL) to ensure on-site preparation and immediate application.

Laboratory supplies

. Scissors (Beyotime, catalog number: FS500)

. Tweezers (Beyotime, catalog number: FS500)

. 1 and 5 mL syringes (Heshou, Changzhou Yuekang Medical Devices Co., Ltd.)
. 70 um cell strainer (BIOFIL, catalog number: 01.TC.010.0053)

. 15 mL centrifuge tube (BIOFIL, catalog number: CFT011150)

. P1250 pipette tips (A-gen Biotechnology, catalog number: T-1250-B)

. P200 pipette tips (Biosharp, catalog number: BS-200-T)

. P10 pipette tips (Axygen, catalog number: T-300)

. 24 G catheter (Yikang group)

10. 35 mm non-treated glass-bottom cell culture dish for laser confocal microscopy (BIOFIL, catalog number: BDD012035)
11. 60 mm cell culture dish (BIOFIL, catalog number: TCD000060)
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Equipment

1. Automatic cell counter (Thermo Fisher Scientific, model: Countess 3)
2. Confocal laser scanning microscope (Nikon, model: A1R)
3. Flow cytometer (BD, model: FACSCelesta)

Software and datasets

1. FlowJo software (Version X; TreeStar, Ashland, OR, USA)
2. GraphPad Prism 5 software (GraphPad Software Inc., San Diego, CA, USA)

Procedure

A. Isolation of primary peritoneal macrophages

1. Inject 8—12-week-old mice with 3% (w/v) thioglycollate medium intraperitoneally for two consecutive days [35].
Thioglycollate medium induces controlled sterile peritoneal inflammation and efficiently elicits and enriches murine
peritoneal macrophages [36]. On the first day, inject 2 mL of 3% thioglycollate medium. On the second day, inject 1 mL of
3% thioglycollate medium.

2. On the third day, euthanize mice by carbon dioxide (CO,) asphyxiation (following an approved IACUC euthanasia
protocol). Alternatively, use a method that has been approved by the local animal care and use committee. Use 75% alcohol
to disinfect the surface of the mice. Primary peritoneal macrophages can be extracted on an ultra-clean bench.

3. Inject 10 mL of RPMI 1640 culture medium containing 0.5% (w/v) EDTA through the peritoneal wall into the peritoneal
cavity of mice using a sterile 5 mL syringe. Do not puncture the intestine or any other organ.

4. Massage the abdominal cavity gently for 10 min.

5. Aspirate the abdominal fluid with a sterile 1 mL syringe and collect it into a 15 mL centrifuge tube. Ensure that the
extracted liquid is clear. If the liquid is cloudy, there may be contamination from the intestines.

6. Inject 5 mL of culture medium again, massage for 5 min, then aspirate and collect the medium into the 15 mL centrifuge
tube.

7. Centrifuge the abdominal fluid suspension at 400% g for 10 min at room temperature (RT) [37]. Resuspend the collected
fluid in 1 mL of red blood cell lysis buffer to lyse red blood cells (RBCs). Repeat this step until the RBCs disappear. Ensure
that the final lysed cell precipitate is white without RBCs.

8. Add 2 mL of culture medium to resuspend the final lysed precipitate in the culture medium. Pass the suspended cells
through a 70 um cell strainer into a new sterile 15 mL tube.

9. Count cells with an automatic cell counter or manual trypan blue exclusion assay. Use only samples with viability >85%
for all downstream functional assays. Control the cell density of macrophages from the experimental group to be the same
as that from the control group, both at 1 x 10%mL. Then, place the cells into a 35 mm dish specifically designed for laser
confocal microscopy.

10. Culture peritoneal macrophages (PMs) in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 1 mM
sodium pyruvate, 100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C in a 5% CO, incubator (Video 1). After
approximately 2 h, when peritoneal macrophages have fully adhered to the dish, wash away non-adherent cells with 1 mL
of sterile PBS and add new culture medium.
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Video 1. Isolation of primary peritoneal macrophages

11. Before co-culturing with apoptotic cells, incubate PMs with 50 pg/mL ox-LDL for 6 h or with 1 pM arsenite for 24 h.
The control group is not subjected to these treatments.

Note: Surgical instruments used in ultra-clean benches require high-pressure sterilization. Primary peritoneal macrophages
are isolated with thioglycollate elicitation. PMs are cultured with RPMI 1640 medium supplemented with 10% (v/v) heat-
inactivated FBS, 1 mM sodium pyruvate, 100 U/mL penicillin, and 100 ug/mL streptomycin.

B. Isolation of thymocytes and induction of apoptotic thymocytes

B1. Isolation of primary thymocytes

1. Euthanize 8-12-week-old mice by carbon dioxide asphyxiation (following an approved IACUC euthanasia protocol).
Alternatively, use a method that has been approved by the local animal care and use committee to euthanize the mice. Use
75% alcohol to disinfect the surface of the mice. Thymocytes can be extracted on an ultra-clean bench.

2. To isolate thymocytes, initiate the procedure by using tissue forceps to elevate the xiphoid process, followed by the
upward shearing of the bilateral ribs to the sternoclavicular joint. Then, expose the milky-white, bilobed thymus located
superior to the heart. Use fine pointed forceps to pull out the thymus.

3. Place the thymus into a centrifuge tube containing 10 mL of sterile PBS. Wash away the blood cells and tissue fragments
sticking to the thymus surface.

4. Place the entire thymus between the frosted ends of two microscope slides and then move the slides in a back-and-forth
motion to grind the thymus in a 35 mm dish containing 2 mL of RPMI 1640 medium (Figure 1).
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Figure 1. Isolation of primary thymocytes

Note: For thymus grinding, the two microscope slides require disinfection. The slides are thoroughly sterilized by
autoclaving prior to tissue processing.
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5. Collect the tissue grinding fluid and filter the suspension into a 15 mL tube through a 70 pm cell strainer.

6. Centrifuge the filtered suspension at 360x g for 15 min at RT. Discard the supernatant and resuspend the cell precipitate
with 1 mL of red blood cell lysis buffer to lyse the RBCs. Repeat this step to ensure RBCs disappear.

7. After the final centrifugation to lyse red blood cells, discard the supernatant. Following this step, the harvested thymocytes
are divided into two portions: one is used for subsequent differential fluorescent labeling (CFDA-SE or CMTPX), and the
other is subjected to apoptosis induction for the measurement of apoptosis rate.

B2. Labeling of thymocytes with CFDA-SE Green cell tracer

1. Add 1 mL of 1x cell staining buffer to a 15 mL tube to resuspend the thymocytes. Count cells with an automatic cell
counter. Dilute the thymocytes to a concentration of 5 x 10%/mL with 1x cell staining buffer.

2. Configure thymocyte dye: Prepare 1 mL of CFDA-SE working solution (5.6 pg/mL) by diluting 2 uL of CFDA-SE Green
cell tracer in 1 mL of 1% cell staining buffer.

Note: CFDA-SE Green cell tracer is engineered to be non-toxic or exhibit low toxicity to cells. This concentration of CFDA-
SE does not affect cell viability [38,39].

3. Add the prepared CFDA-SE working solution to the 15 mL tube from step B2.1 and gently resuspend to ensure
homogenous mixing.

4. Incubate thymocytes in the dark at RT for 10 min (CFDA-SE Green cell tracer is used to track thymocytes). At the end
of incubation, add 10 mL of RPMI 1640 medium containing 10% heat-inactivated FBS to stop the reaction. Collect cells by
centrifugation at 360x g for 15 min at RT.

5. Wash the labeled cells again in 5 mL of RPMI 1640 medium containing 10% heat-inactivated FBS and centrifuge.
Resuspend the cells with 5 mL of RPMI 1640 medium containing 10% heat-inactivated FBS. Incubate the cells at 37 °C for
10 min to facilitate the retention of CFDA-SE within the cells and to allow any unreacted CFDA-SE to enter the culture
medium.

6. Collect cells by centrifugation and wash the labeled cells again in 5 mL of sterile PBS. Centrifuge tubes at 360x g for 15
min at RT, discard the supernatant, and add 5 mL of RPMI 1640 medium containing 10% heat-inactivated FBS. Perform
the apoptotic induction steps described in section B4.

B3. Labeling of thymocytes with CMTPX Red Tracer

1. Count thymocytes with an automatic cell counter. Dilute the thymocytes to a concentration of 5 x 10%/mL with FBS-free
RPMI 1640 medium. Supplement an aliquot of 1 mL of cell suspension with 0.5 pL of CMTPX Red cell tracer. Incubate
the thymocytes at RT in the dark for 30 min. After incubation, add 1 mL of RPMI 1640 medium containing 10% heat-
inactivated FBS to terminate the staining reaction.

2. Aspirate the supernatant, wash the thymocytes twice with 1 mL of sterile PBS, and then add 1 mL of RPMI 1640 medium
containing 10% heat-inactivated FBS for standby. Perform the apoptotic induction steps described in section B4.

B4. Induction of apoptotic thymocytes

1. Count thymocytes with an automatic cell counter or manual trypan blue exclusion assay. Use only samples with viability
>85% for all downstream functional assays.

2. Dilute the thymocytes to a concentration of 5 x 10%/mL with RPMI 1640 medium containing 10% heat-inactivated FBS.
3. Add dexamethasone to the cells at a final concentration of 1 pM. Culture the thymocytes with dexamethasone overnight
in the incubator.

C. Isolation of hepatocytes and induction of apoptotic hepatocytes

1. Prewarm wash buffer (200 mL per mouse) and collagenase buffer (30 mL: 1x HBSS, 50 mM HEPES, 5 mM CacCl,, and
30 mg of collagenase type IV). Prepare sterilized forceps and scissors for dissection.

2. Anesthetize 8—12-week-old mice using isoflurane (800 mL/min O,, 3%—-5% isoflurane) [40,41]. Apply Puralube vet
ointment onto the eyes to prevent eye dryness [42,43]. Confirm proper anesthetization by performing loss-of-reflex tests,
such as the toe pinch. Maintain anesthesia by lowering isoflurane to 2%-2.5%. Continuous isoflurane anesthesia is preferred.
3. Place the anesthetized mice on a dissection mat and fix the mouse in a supine position using waterproof tape. Disinfect
the surface of the abdomen liberally with 75% ethanol.

4. Open the abdominal cavity by making a U-shape incision, approximately 2—3 c¢m in length, on the abdominal layers using
sharp scissors and toothed forceps. Expose the inferior vena cava (IVC), liver vein, and portal vein clearly by moving the
intestines and colon toward the left side of the mouse [44].
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5. Insert a 24 G catheter into the IVC and avoid puncture. Start pumping the wash buffer and cut the portal vein open to
allow the wash buffer to flow out from the liver to prevent expansion of the liver.

6. Continue pumping the wash buffer to remove as much blood as possible from the liver by making the buffer reach every
corner of the liver. Stop pumping wash buffer when discoloration of the liver is observed. Perfuse with an entire 15 mL
solution of collagenase buffer for digestion [45]. Be careful to avoid air bubbles entering the IVC.

Note: The perfusion parameters applied in this protocol are as follows: approximately 30 mL per mouse at a flow rate of 5
mL/min; digestion typically completed within 4 min, terminated when the liver turns pale, becomes flaccid, and the hepatic
parenchyma dissociates. Guidance for lot-to-lot variation management: Retain the certificate of analysis and product lot
number, adjust the collagenase dosage accordingly to maintain the targeted final enzymatic activity (CDU/mL) in working
solution.

7. After removing the gallbladder gently using straight-tipped forceps, isolate the whole liver and transfer it into a cell culture
dish containing pre-cooled M199 medium. Then, tear the liver up into pieces with forceps to release primary hepatocytes
into the medium.

Note: The following steps are performed in the cell culture hood.

8. Gently blow the hepatocyte suspension through a 100 um cell strainer into a 50 mL centrifuge tube using a sterile syringe
plunger or a 1 mL pipette tip.

Note: No grinding is performed to avoid mechanical damage to the hepatocytes.

9. Centrifuge tubes at 30x g for 3 min at 4 °C. Discard the supernatant and resuspend the cells in 30 mL of M199 medium.
10. Centrifuge tubes at 30x g for 3 min at 4 °C. Remove the supernatant and resuspend the pellet with 30 mL of M199
medium.

11. Count the cell number with an automated cell counter or manual trypan blue exclusion assay. Use only samples with
viability >85% for all downstream functional assays.

12. Use M199 medium with pen/strep, GlutaMAX, and 10% FBS to resuspend cells. Seed 2 x 108 live cells in each 10 cm
plate. Keep the plate in an incubator at 37 °C for 2-3 h. Then, remove floating cells and continue to culture the cells using
an M199 medium containing pen/strep and GlutaMAX.

13. The next day, primary mouse hepatocytes are ready for experimental use (Video 2).

Video 2.mp4

Video 2. Isolation of primary hepatocytes

14. Add a final concentration of 10 uM arsenite to the hepatocytes and incubate for 24 h to induce apoptosis. Label cells
with 1 uM CMTPX working solution by diluting 2.5 uL of CMTPX Red cell tracer in 5 mL of M199 medium. Similarly to
CFDA-SE, 1 uM CMTPX does not affect cell viability. Terminate the reaction by adding culture medium containing 10%
heat-inactivated FBS.

D. Measurement of apoptosis

1. Use an Annexin V-FITC/PI Apoptosis Detection kit to stain apoptotic thymocytes and hepatocytes with Annexin V and
propidium iodide (PI) and analyze them on a flow cytometer.
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2. Determine the apoptosis index by calculating the ratio of Annexin V-positive/PI-negative events (early apoptotic cells)
or Annexin V-positive/PI-positive events (late apoptotic cells) to the total number of events analyzed.

Note: Prior to CFDA-SE/CMTPX labeling in the formal efferocytosis assay, Annexin V-FITC/PI staining should be
performed on separate aliquots of unlabeled cells to assess the efficiency of apoptosis induction. Cells that are singly positive
for Annexin V are indicative of early apoptotic cells. Cells that are doubly positive for both Annexin V and PI are
characteristic of necrotic or late apoptotic cells, while cells that are singly positive for PI are indicative of bare nuclei.

E. Co-culture of macrophage with apoptotic thymocytes or hepatocytes

E1. Reagent preparation

1. CMTPX working solution preparation: Prepare with RPMI 1640 medium. For each 35 mm culture dish, dissolve 0.5 pL
of CMTPX Red cell tracer in 1 mL of RPMI 1640 medium.

2. CFDA-SE working solution preparation: see Recipe 3 (CFDA-SE working solution).

3. Auxiliary reagents: RPMI 1640 medium containing 10% heat-inactivated FBS, 1x cell staining buffer, and sterile PBS.

E2. Grouped staining
Note: This is aligned with the three efferocytosis models shown in the graphical abstract.

1. Group 1. Co-culture of ox-LDL-treated macrophages with apoptotic thymocytes

a. Staining of ox-LDL-treated primary peritoneal macrophages (CMTPX Red Tracer): Add 1 mL of the prepared CMTPX
working solution to each culture dish containing ox-LDL-treated primary peritoneal macrophages. Incubate the macrophages
at RT in the dark for 30 min. After incubation, add 1 mL of RPMI 1640 medium containing 10% heat-inactivated FBS to
terminate the staining reaction.

b. Aspirate the supernatant, wash the primary peritoneal macrophages twice with 1 mL of sterile PBS, and then add 1 mL
of RPMI 1640 medium containing 10% heat-inactivated FBS for standby (ready for co-culture).

c. Co-culture the ox-LDL-treated peritoneal macrophages (CMTPX Red cell tracer) with prepared apoptotic thymocytes
(CFDA-SE Green cell tracer) at a ratio of 5:1 for 2 h.

2. Group 2. Co-culture of arsenite-treated macrophages with apoptotic thymocytes

a. Staining of sodium arsenite—treated primary peritoneal macrophages (CFDA-SE Green Tracer): Add 500 pL of 1x cell
staining buffer and 500 pL of the prepared CFDA-SE working solution to each culture dish containing sodium arsenite—
treated primary peritoneal macrophages. Incubate the macrophages at RT in the dark for 10 min. After incubation, add 1 mL
of RPMI 1640 medium containing 10% heat-inactivated FBS to terminate the reaction.

b. Aspirate the supernatant with 1 mL of sterile PBS. Then, add 1 mL of RPMI 1640 medium containing 10% heat-
inactivated FBS and incubate the cells at 37 °C for 10 min to promote the retention of CFDA-SE in the cells and facilitate
unreacted CFDA-SE to enter the culture medium.

c. Aspirate the supernatant, wash the primary peritoneal macrophages twice with 1 mL of sterile PBS, and add 1 mL of
RPMI 1640 medium containing 10% heat-inactivated FBS for standby (ready for co-culture).

d. Co-culture the arsenite-treated peritoneal macrophages (CFDA-SE Green cell tracer) with prepared apoptotic thymocytes
(CMTPX Red cell tracer) at a ratio of 5:1 for 2 h.

Note: Before flexibly assigning fluorescent dyes to label effector macrophages and apoptotic target cells interchangeably,
dye-swap controls are required to validate the reliability of the detection system.

3. Group 3. Co-culture of arsenite-treated macrophages with apoptotic hepatocytes

a. Staining of sodium arsenite—treated primary peritoneal macrophages (CFDA-SE Green Tracer): Perform the staining
according to the same steps as the staining of sodium arsenite—treated macrophages in Group 2 (steps E2.2a—c) and set aside
after staining.

b. Co-culture the arsenite-treated peritoneal macrophages (CFDA-SE Green cell tracer) with prepared apoptotic hepatocytes
(CMTPX Red cell tracer) at a ratio of 5:1 for 2 h.

E3. Post-co-culture treatment and result recording

1. After co-culture, place the culture dishes on a shaker and wash them three times with sterile PBS, for 5 min each time, to
remove floating apoptotic cells.

2. Evaluate efferocytosis by laser confocal scanning microscopy and record the experimental results.
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Note: In this study, laser confocal scanning microscopy was applied to evaluate the efferocytosis capacity of macrophages
toward various apoptotic cells following exposure to different factors (ox-LDL and sodium arsenite), ensuring experimental
reproducibility and methodological standardization.

Data analysis

1. Record macrophage efferocytosis using a laser confocal microscope. Each glass dish should capture at least five
microscopic fields without repetition.

2. Quantitative method 1: Calculate the number of macrophages engulfing apoptotic targets and the total number of
macrophages in each field. The ratio of the two is the efferocytic index. Multiply the ratio by 100% to convert it to a
percentage.

3. Quantitative method 2: Count the number of engulfed apoptotic cells within macrophages in each field by confocal
microscopy after 2 h of efferocytosis. Classify macrophages based on the number of engulfed apoptotic targets and calculate
their proportions separately.

Validation of protocol

Primary peritoneal macrophages from C57BL/6 mice were co-cultured for 2 h with apoptotic thymocytes that were labeled
with a cell-tracking dye. The apoptotic thymocytes were induced with dexamethasone. Other apoptosis inducers could also
be used. Figure 2 shows a representative scattergram of early (Annexin V* PI') and late (Annexin V* PI*) apoptotic
thymocytes induced by dexamethasone. Compared with the control group, the majority of thymocytes subjected to
dexamethasone treatment were identified to be in the late stages of apoptosis. The rate of apoptosis in thymocytes was
determined to be 97.1%. Laser confocal microscopy was then performed to assess the efficacy of macrophage efferocytosis
of apoptotic/necrotic thymocytes. Macrophages were grouped by engulfed cell count for proportional distribution analysis.
The macrophage efferocytosis assay revealed that macrophages efficiently engulfed apoptotic/necrotic thymocytes labeled
with CFDA-SE Green cell tracer. However, ox-LDL treatment induced no significant differences in the number of apoptotic
thymocytes internalized by macrophages (Figure 3).

In this study, the results of the macrophage—target cell dye-swap assay confirmed that dye interchange exerted no significant
influence on efferocytosis efficiency between groups (Figure 4). The ability of macrophage efferocytosis of
apoptotic/necrotic thymocytes treated with or without arsenite was compared. Suppressed efferocytic capacity was observed
in arsenite-treated primary peritoneal macrophages (Figure 5). Based on the macrophage efferocytosis of apoptotic target
data, it could be speculated that arsenite may inhibit the phagocytosis of apoptotic/necrotic hepatocytes to promote liver
injury. To verify that result, primary hepatocytes were isolated, and apoptosis was induced by a high concentration of arsenite
(10 uM). Figure 6 shows a representative scattergram of early (Annexin V* PI') and late (Annexin V* PI") apoptotic
hepatocytes induced by high-concentration arsenite. The majority of hepatocytes induced by arsenite were found to be in
the early apoptosis stage. The rate of apoptosis in hepatocytes was determined to be 36.12%. Then, these apoptotic
hepatocytes were co-cultured with peritoneal macrophages treated with an environmentally relevant concentration of
arsenite (1 pM). Within a span of 2 h, primary peritoneal macrophages successfully engulfed apoptotic/necrotic hepatocytes.
Arsenite exposure reduced the capacity of peritoneal macrophages to phagocytose (Figure 7).
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Figure 2. Flow cytometric analysis of thymocyte apoptosis induced by dexamethasone. Thymocytes were treated (A)
without (Vehicle, Veh) or (B) with 1 uM dexamethasone overnight. Cells were then stained with propidium iodide (PI) and
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Annexin V. Representative scattergrams of cells in early (Q3, Annexin V' PI') and late (Q2, Annexin V* PI") apoptosis were
analyzed by flow cytometry.
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Figure 3. Effect of oxidized low-density lipoprotein (ox-LDL) treatment on the efferocytosis of apoptotic/necrotic
thymocytes by mouse macrophages. (A) Elicited peritoneal macrophages were treated without (Vehicle, Veh) or with ox-
LDL (50 pg/mL) for 6 h. Then, CMTPX (red)-labeled peritoneal macrophages were co-cultured with CFDA-SE (green)-
labeled apoptotic mouse thymocytes for 2 h. The efferocytosis of apoptotic/necrotic thymocytes by mouse macrophages was
determined by confocal microscopy. (B) Number of engulfed CFDA-SE-labeled apoptotic targets within CMTPX-labeled
macrophages counted by confocal microscopy after 2 h of efferocytosis (n = 3). Scale bar = 20 um. Results are expressed as
mean = SD of three independent experiments. s.b., surface-bound cells.
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Figure 4. CMTPX-labeled peritoneal macrophages (M) were co-cultured with CFDA-SE-labeled apoptotic mouse
thymocytes (T) for 2 h. In parallel, peritoneal macrophages (labeled with CFDA-SE) were co-cultured with apoptotic
thymocytes (labeled with CMTPX) for 2 h. Macrophage efferocytosis of apoptotic/necrotic thymocytes was determined by
confocal microscopy. Results are expressed as mean + SD of three independent experiments, n = 3.
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Figure 5. Arsenite (iAs) exposure suppressed efferocytosis of apoptotic/necrotic thymocytes in mouse macrophages.
(A) Primary peritoneal macrophages were treated with arsenite (1 uM) for 24 h or without (Vehicle, Veh). Then, peritoneal
macrophages (labeled with CFDA-SE) were co-cultured with apoptotic thymocytes (labeled with CMTPX) for 2 h. The
efferocytosis of apoptotic/necrotic thymocytes by mouse macrophages was determined by confocal microscopy. (B) Number
of engulfed CMTPX-labeled apoptotic targets within CFDA-SE-labeled macrophages counted by confocal microscopy after
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2 h of efferocytosis (n = 3). Scale bar = 20 pm. *, compared with Veh, P < 0.05, two-tailed Student’s #-test. Results are
expressed as mean = SD of three independent experiments. s.b., surface-bound cells.
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Figure 6. Flow cytometric analysis of hepatocytes apoptosis induced by arsenite. Hepatocytes were prepared as
described in section C of the Procedure, and treated (A) without (Vehicle, Veh) or (B) with 10 uM arsenite for 24 h. Cells
were then stained with PI and Annexin V. Representative scattergram of cells in early (Q3, Annexin V" PI') and late (Q2,
Annexin V* PI") apoptosis was analyzed by flow cytometry.
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Figure 7. Arsenite exposure inhibited efferocytosis of apoptotic/necrotic hepatocytes in mouse macrophages. (A)
Primary peritoneal macrophages were treated with arsenite (1 pM) for 24 h or without (Vehicle, Veh). Then, peritoneal
macrophages (labeled with CFDA-SE) were co-cultured with apoptotic hepatocytes (labeled with CMTPX) for 2 h.
Apoptotic hepatocytes were induced by treating cells with arsenite (10 pM) for 24 h. The efferocytosis of apoptotic/necrotic
hepatocytes by mouse macrophages was determined by confocal microscopy. (B) Percent efferocytosis was quantified as
the number of macrophages with engulfed apoptotic/necrotic hepatocytes as a percentage of total macrophages (n = 3). Scale
bar =20 pm. *, compared with Veh, P < 0.05, two-tailed Student’s z-test.

This protocol or parts of it has been used and validated in the following research article:
* Xu et al. [48]. Nrf2 deficiency in myeloid cells accelerates atherosclerosis by promoting the inflammatory response and
impairing efferocytosis. J Adv Res (Figure 7H, I). https://doi.org/10.1016/j.jare.2026.01.005

General notes and troubleshooting
General notes

1. Prior to co-culture, perform cell counting using an automated cell counter or the manual trypan blue exclusion assay. For
all downstream functional assays, only utilize samples with a cell viability of >85%.

2. Primary hepatocytes, thymocytes, and macrophages are recommended to be freshly isolated for each experiment to ensure
optimal cell viability and physiological function. The use of cryopreserved primary cells is not recommended, as repeated
freeze—thaw cycles may impair cell viability, recovery rate, adherence rate, phagocytic capacity, and normal biological
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responses [46,47]. If cryopreserved cells must be used, first it is essential to validate whether frozen and fresh cells yield
comparable results for the main experimental endpoints.

3. Appropriate negative controls should be included in the apoptosis induction assay.

4. In the efferocytosis assay, 40x, 60%, and 100% objectives on a confocal microscope are all applicable. The 40% objective
represents the minimum imaging configuration required to clearly visualize the number of apoptotic cells internalized within
macrophages. The use of oil immersion objectives helps to achieve higher resolution.

5. Conventional fluorescence microscopy is not recommended, as it cannot provide sufficiently clear images.

6. A minimum of 200 cells in total should be analyzed per experimental group.

7. Prior to CFDA-SE/CMTPX labeling in the formal efferocytosis assay, Annexin V-FITC/PI staining should be performed
on separate aliquots of unlabeled cells to assess the efficiency of apoptosis induction.

8. Sodium arsenite must be handled strictly in accordance with the protocols for highly toxic reagents throughout the
experiment. All preparation and dosing are performed in a biosafety cabinet with full personal protection, dual-key access,
and complete record keeping. Arsenic-containing liquid and solid waste is collected separately, clearly labeled, temporarily
stored, and disposed of by licensed professional institutions following standard hazardous chemical and waste management
guidelines.

Troubleshooting

Problem: Quantified efferocytosis efficiency is inaccurate and unstable across replicates.

Possible causes: Inaccurate timing and incomplete removal of excess floating apoptotic cells.

Solutions:

1. Since efferocytosis is a dynamic biological process, perform confocal laser scanning microscopy immediately upon
completion of co-culture.

2. Gently rinse samples before imaging to remove unbound free apoptotic cells, minimizing false-positive deviations caused
by nonspecific adhesion.

3. Strictly standardize the co-culture duration, incubation conditions, cell ratio, and culture temperature for all experimental
groups.
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