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Abstract

Neutrophils are critical for inflammation and innate immunity, and their adhesion to vascular 

endothelium is a crucial step in neutrophil recruitment. Mitofusin-2 (MFN2) is required for 

neutrophil adhesion, but molecular details are unclear. Here, we demonstrated that β2-integrin-

mediated slow-rolling and arrest, but not PSGL-1-mediated cell rolling, are defective in MFN2-

deficient neutrophil-like HL60 cells. This adhesion defect is associated with reduced expression 

of fMLP (N-formylmethionyl-leucyl-phenylalanine) receptor FPR1 as well as the inhibited β2 

integrin activation, as assessed by conformation-specific monoclonal antibodies. MFN2 deficiency 

also leads to decreased actin polymerization, which is important for β2 integrin activation. Mn2+-

induced cell spreading is also inhibited after MFN2 knockdown. MFN2 deficiency limited the 

maturation of β2 integrin activation during the neutrophil-directed differentiation of HL60 cells, 
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which is indicated by CD35 and CD87 markers. MFN2 knockdown in β2-integrin activation-

matured cells (CD87high population) also inhibits integrin activation, indicating that MFN2 

directly affects β2 integrin activation. Our study illustrates the function of MFN2 in leukocyte 

adhesion and may provide new insights into the development and treatment of MFN2 deficiency-

related diseases.
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1 ∣ INTRODUCTION

The most abundant leukocytes in humans are neutrophils, which serve as the first responders 

to acute infection and cell damage and are critical for inflammatory and immunological 

responses.1 An intrinsic neutrophil defect leads to pathologies, such as leukocyte adhesion 

deficiency syndromes.2,3 In response to inflammation or infection, circulating neutrophils 

undergo a recruitment cascade1,4-7: The interactions of neutrophil P-selectin glycoprotein 

ligand-1 (PSGL-1) and corresponding endothelial selectins recruit neutrophils from the 

circulation, tether them to the endothelial surface, and cause them to roll on the endothelial 

surface.8-13 Long tethers form slings, which help to stabilize rolling.12,14,15 During rolling, 

the interactions of PSGL-1 and selectins induce the extension (E+) but not high-affinity 

(H+) of β2 integrins, which allow neutrophils to briefly engage endothelial intercellular 

adhesion molecule 1 (ICAM-1) and cause the rolling to slow (slow-rolling).16-21 In turn, this 

slow-rolling facilitates neutrophil interactions with endothelial chemokines22,23 and induces 

both E+ and H+ of β2 integrins, leading to a firm arrest.18-20,24-29 Next, spherical neutrophils 

spread30,31 and intravascularly crawl.31-36 Finally, neutrophils will undergo transendothelial 

migration through the vascular wall31,37,38 and ultimately migrate38-45 to specific tissue 

sites.

In this cascade, neutrophil adhesion under flow, including rolling, slow-rolling, and arrest 

phases, is the incipient step in transendothelial migration. β2 integrins are critical for 

neutrophil slow-rolling and arrest. Resting β2 integrins assume a bent conformation with 

a low affinity (E−H−) for the ligand. The “switchblade” model of integrin activation46 holds 

that integrin E+ is followed by a rearrangement in the ligand-binding site leading to H+. E+ 

reveals a neoepitope in the knee of the β2 subunit recognized by the KIM127 antibody.47,48 

The H+ conformation of the β2 I-like domain reveals a neoepitope detected by mAb 24 

(mAb24).49-51 As mentioned before, the interaction between selectins and PSGL-1 gives 

rise to the E+ of β2 integrins during neutrophil rolling. E+H− β2 integrins interact with 

endothelial ICAMs with weak force and turn neutrophils into the slow-rolling phase. The 

chemokine-induced inside-out signaling triggers both H+ and E+ of β2 integrins that interact 

with endothelial ICAMs with a strong force and cause cell arrest.18-20,24-29

Mitofusin-2 (MFN2) is a conserved, dynamin-like GTPase located in the mitochondrial 

outer membrane, which tethers mitochondria to each other. Mitochondria are dynamic 

organelles with the ability to fuse and divide (fission), forming constantly changing tubular 
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networks in most eukaryotic cells.52 MFN2 mediates mitochondrial fusion and plays a 

role in the maintenance of the mitochondrial network.53,54 MFN2 is also important for 

the tethering of endoplasmic reticulum to mitochondria as well as calcium uptake by 

mitochondria.55 Previous studies found that MFN2 is important for neutrophil migration43,56 

and the development of the hematopoietic system.57 However, the specific role(s) of MFN2 

in neutrophil trafficking or other functions are largely unknown. Increased understanding 

of MFN2 actions during inflammation could reveal novel therapeutic targets in neutrophil-

mediated disease.

2 ∣ MATERIALS AND METHODS

2.1 ∣ Reagents

Recombinant human P-selectin-Fc, ICAM-1-Fc, recombinant mouse ICAM-1-Fc, and Alexa 

Fluor 647 (AF647)-conjugated mouse anti-human CD18 (pan-β2 integrins) antibody (Ab) 

were purchased from R&D Systems. Zombie Yellow Fixable Viability Kit, Alexa Fluor 488 

(AF488)-conjugated, Alexa Fluor 700 (AF700)-conjugated, and allophycocyanin (APC)-

conjugated conformation-specific Ab mAb24 reporting the H+ of β2 integrins, AF647-

conjugated conformation-specific Ab CBRM1/5 reporting the H+ of αM integrins, APC-

conjugated mouse anti-human PSGL-1 (CD162) Ab, PerCP-conjugated mouse anti-human 

CD11a Ab, Pacific Blue-conjugated mouse anti-human CD11b Ab, AF700-conjugated 

mouse anti-human CD11c Ab, AF700-conjugated, APC-conjugated, unconjugated CD18 

(pan-β2 integrins, clone TS1/18) Ab, APC-conjugated mouse anti-human FPR1 Ab, PE-

conjugated mouse anti-human CD87 Ab, Brilliant Violet 650 (BV650)-conjugated rat 

anti-mouse Ly6G Ab, rat anti-mouse CD11a Ab (M17/4), rat anti-mouse CD11b Ab 

(M1/70), APC-conjugated mouse anti-human IgG Fc Ab, all isotype control Abs, and 

intracellular staining perm wash buffer were purchased from Biolegend. Fluorescein 

isothiocyanate (FITC)-conjugated mouse anti-human FPR2 Ab was purchased from 

Santa Cruz Biotechnology. AF647-conjugated mouse anti-human CD35 Ab, Dylight 

800-conjugated goat anti-rabbit IgG secondary Ab, Dylight 680-conjugated goat anti-

mouse IgG secondary Ab, Casein blocking buffer, Alexa Fluor 568 (AF568)-conjugated 

phalloidin, CellTracker Orange CMRA, poly-L-lysine, glutaraldehyde, cacodylate buffer, 

and lipofectamine 3000 were purchased from Thermo Fisher Scientific. AF647-conjugated 

Histone H3 recombinant rabbit mAb and AF647-conjugated goat anti-rabbit IgG secondary 

Ab were purchased from Invitrogen. The KIM127 mAb reporting the ectodomain extension 

was a gift from Dr. Klaus Ley at the La Jolla Institute for Immunology and was purified at 

the Lymphocyte Culture Center at the University of Virginia from hybridoma supernatant 

(ATCC). KIM127 was directly labeled by DyLight 550 or Dylight 650 using DyLight 

antibody labeling kits from Thermo Fisher Scientific according to the manufacturer’s 

instructions. Rabbit anti-MFN2 mAb was purchased from Cell Signaling. Anti-β-tubulin 

Ab (E7) was obtained from the Developmental Studies Hybridoma Bank. Roswell Park 

Memorial Institute medium 1640 (RPMI-1640) with or without phenol red, PBS without 

Ca2+ and Mg2+, goat serum, and puromycin were purchased from Gibco. Human serum 

albumin (HSA) and fetal bovine serum (FBS) were purchased from Gemini Bio Products. 

UltraComp eBeads for compensation controls were purchased from eBioscience. fMLP, 

PMA, polybrene, paraformaldehyde (PFA), and DMSO were purchased from Sigma–
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Aldrich. The e-Myco plus Mycoplasma PCR Detection Kit was purchased from Bulldog 

Bio. Poly/Bed 812 embedding kit was purchased from Polysciences. “Ready to use” lead 

citrate was purchased from Electron Microscopy Sciences.

2.2 ∣ Cell culture

The HL60 line was a generous gift from Dr. Orion D. Weiner (University of California San 

Francisco). HL60 cells were maintained in culture medium (RPMI-1640, 10% FBS, 100 

mL−1 penicillin, 100 μg/mL streptomycin, and 250 ng/mL amphotericin B) at 37°C and 5% 

CO2. In most experiments, HL60 cells were differentiated with 1.3% DMSO for 7 days 

before assays. In the time-lapse assay of integrin activation maturation, HL60 cells were 

differentiated for 0 to 7 days before the assay. Cells were checked monthly for mycoplasma 

using the e-Myco plus Mycoplasma PCR Detection Kit.

2.3 ∣ Neutrophil isolation

Heparinized whole blood was obtained from healthy human donors after informed consent, 

as approved by the Institutional Review Board of UConn Health in accordance with the 

Declaration of Helsinki. Informed consent was obtained from all donors. Neutrophils were 

isolated by using Polymorphprep (a mixture of sodium metrizoate and Dextran 500) density 

gradient. Briefly, human blood was applied onto Polymorphprep, centrifuged at 500 × g for 

35 min at 20-25°C, resulting in neutrophils concentrated in a layer between PBMCs and 

erythrocytes. After washing with PBS without Ca2+ and Mg2+ twice, the neutrophils were 

re-suspended in RPMI-1640 without phenol red plus 2% HSA and were used within 4 h.

2.4 ∣ Mice

All mice used in this study were obtained from the Jackson Laboratory (Bar Harbor, Maine, 

USA). Mice were fed a standard rodent chow diet and were housed in microisolator cages in 

a pathogen-free facility. Mice were euthanized by CO2 inhalation. All experiments followed 

guidelines of the UConn Health Animal Care and Use Committee, and approval for the use 

of rodents was obtained from UConn Health according to criteria outlined in the Guide for 

the Care and Use of Laboratory Animals from the National Institutes of Health. Conditional 

Mfn2 knockout mice (B6.129(Cg)-Mfn2tm3Dcc/J; 026525) were crossed to MRP8-Cre 

(B6.Cg-Tg(S100A8-cre, -EGFP)1Ilw/J; 021614) transgenic mice to obtain homozygous 

floxed Mfn2 alleles with or without MRP8-Cre (MFN2flox/floxMRP8-cre+ and MFN2flox/flox 

MRP8-cre−). Males at age 6–8 weeks were used for experiments.

2.5 ∣ RNA interference

To generate knockdown lines in HL60 cells, pLKO.1 lentiviral constructs with MFN2-

targeting shRNA were obtained from Sigma-Aldrich (MFN2-sh1:TRCN0000082684 5′-

gcaggtttactgcgaggaaat-3′, MFN2-sh2: TRCN0000082687 5′-gtcaaaggttacctatccaaa-3′), and 

SHC 003 was used as a non-targeting control. Lentiviral constructs together with pCMV-

dR8.2 dvpr (Addgene #8455) and pCMV-VSV-G (Addgene #8454) were co-transfected 

into HEK293T cells with Lipofectamine 3000 to produce lentivirus. Virus supernatant 

was collected at both 48 and 72 h after transfection and further concentrated with Lenti-

X concentrator (Clotech 631232). HL60 cells were infected in the complete medium 
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supplemented with 4 μg/mL polybrene (Sigma TR-1003-G) and selected with 1 μg/mL 

puromycin (Gibco A1113803) to generate a stable line.

2.6 ∣ Western blots

Protein samples were separated using SDS-PAGE and transferred onto nitrocellulose 

membranes (LI-COR NC9680617). Membranes were blocked for ~30 min in PBST (PBS 

and 0.1% Tween 20) with 5% BSA. After blocking, membranes were incubated overnight 

with primary antibodies diluted 1:1,000 in PBST at 4°C, washed, and incubated with 

secondary antibodies diluted 1:10,000 in PBST at room temperature for 1 h. Blots were 

then washed, developed, and imaged. Odyssey (LI-Cor) was used to image membranes (Fig. 

1A-B).

2.7 ∣ Microfluidic cell adhesion assay

10 mm plastic Petri dishes or 6-well plates were coated with recombinant human P-selectin-

Fc (2 μg/mL) with or without recombinant human ICAM-1-Fc (10 μg/mL) for 2 h and then 

blocked with casein (1%) at room temperature for 1 h. After coating, a polydimethylsiloxane 

chip with microfluidic imprints was sealed to the coated area by vacuum to create 

flow chamber channels ~50 μm high and ~500 μm across. By modulating the pressure 

between the inlet well and the outlet reservoir, a 6 or 2 dyn/cm2 wall shear stress was 

applied during experiments as indicated in figure legends. HL60 cells (5×106 cells/mL in 

RPMI-1640 without phenol red plus 2% HSA) were perfused in the microfluidic chamber. 

The bright field rolling and arrest of cells was recorded by an Axiovert 100 inverted research 

microscope (Zeiss) with a 10× NA 0.3 air objective (Fig. 1D-H, Supplemental Movies 1 

and 2). Cell arrest was induced by adding 100 nM or 10 nM fMLP for 6 or 2 dyn/cm2, 

respectively.

To assess the rolling and arrest of CD87high HL60 cells (Fig. 8O-Q), cells were incubated 

with CD87-PE antibody (4 μg/mL) at room temperature for 10 min, washed twice with PBS, 

and resuspended in RPMI-1640 without phenol red plus 2% HSA prior to the perfusion into 

the chamber. The fluorescence imaging was performed by using an iX83 Olympus inverted 

microscope equipped with the SAFe Light module (Abbelight, includes four color lasers, 

λ = 405 nm, 488 nm, 532 nm, and 640 nm), sCMOS fusion cameras (Hamamatsu), and a 

10× NA 0.3 air objective. The threshold for CD87high population was based on gating the 

brightest ~20% of control cells. The same threshold was applied in analyzing MFN2 KD 

cells.

Cell rolling was tracked by the manual tracking plugin in FIJI-ImageJ258 to obtain 

rolling tracks and velocities. The numbers of arrested cells were counted in three separate 

recordings.

2.8 ∣ Flow cytometry

To assess MFN2 expression in MFN2 KD and control HL60 cells (Fig. 1C and 8C), 

5×105 cells/mL cells were stained with PE-conjugated CD87 antibody (2 μg/mL) at room 

temperature for 20 min, then fixed with 1% PFA at room temperature for 10 min, washed 

twice with intracellular staining perm wash buffer plus 5% goat serum, and incubated with 
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MFN2 antibody (1 μg/mL) in intracellular staining perm wash buffer plus 5% goat serum 

at room temperature for 30 min. After washing with PBS, cells were stained with AF647-

conjugated goat anti-rabbit IgG secondary Ab (2 μg/mL) at room temperature for 30 min. 

After 2 washes with PBS, cell fluorescence was assessed with an LSRII (BD Biosciences) 

and analyzed with FlowJo software (v10.6.1).

To assess MFN2 expression in blood neutrophils from 3 MFN2flox/floxMRP8-cre− and 5 

MFN2flox/floxMRP8-cre+ mice (Fig. S2A), 25 μL mouse blood was collected by retro-orbital 

bleeding with 2 μL heparin (1000 USP units/mL) in the collection tube and incubated 

with BV650-conjugated rat anti-mouse Ly6G antibody (1 μg/mL) at room temperature for 

10 min, then fixed with 4% PFA at room temperature for 10 min, washed twice with 

intracellular staining perm wash buffer plus 5% goat serum, and incubated with MFN2 

antibody (1 μg/mL) in intracellular staining perm wash buffer plus 5% goat serum at room 

temperature for 30 min. After washing with PBS, cells were stained with AF647-conjugated 

goat anti-rabbit IgG secondary antibody (2 μg/mL) at room temperature for 30 min. After 2 

washes with PBS, cell fluorescence was assessed with an LSRII and analyzed with FlowJo 

software.

To test expression of different molecules on MFN2 KD and control HL60 cells, 5 × 105 

cells/mL cells were incubated with fMLP (100 nM) or PMA (100 nM) or vehicle control 

in the presence of the following Ab panels at room temperature for 20 min: (1) For Figures 

2A,D-I, 8D, and S3B: APC-conjugated FPR1 Ab (1 μg/mL), PerCP-conjugated CD11a Ab 

(1 μg/mL), Pacific Blue-conjugated CD11b Ab (1 μg/mL), AF700-conjugated CD11c Ab 

(1 μg/mL), and PE-conjugated CD87 Ab (2 μg/mL); (2) For Figure 2B-C, 6K, 8A,E-F, and 

S3C-E: APC-conjugated CD18 Ab (1 μg/ml) and PE-conjugated CD87 Ab (2 μg/ml); (3) 

For Figure 2J-M, 8G-J, and S3F-I: APC-conjugated mAb24 (0.5 μg/ml) and PE-conjugated 

CD87 Ab (2 μg/ml); (4) For Figure 2N-Q, 8K-N, and S3J-M: Dylight 650-conjugated 

KIM127 (0.5 μg/ml) and PE-conjugated CD87 Ab (2 μg/ml); (5) For Figure 2R-U: AF647-

conjugated CBRM1/5 (0.5 μg/ml) and PE-conjugated CD87 Ab (2 μg/ml); (6) For Figure 

6I-J: AF647-conjugated CD35 Ab (1 μg/ml) and PE-conjugated CD87 Ab (2 μg/ml); (7) For 

Supplemental Figure S1A: APC-conjugated PSGL-1 Ab (1 μg/ml). Cells were fixed with 

1% PFA at room temperature for 10 min. After 2 washes with PBS, cell fluorescence was 

assessed with an LSRII and analyzed with FlowJo software.

For the time-lapse experiment showing the heterogeneous β2 integrin activation and the 

maturation of β2 integrin activation during neutrophil-directed differentiation of HL60 

cells, purified human neutrophils (the positive control) and HL60 cells with different 

differentiation time (0-7 days) were incubated with fMLP (100 nM) or vehicle control at 

room temperature for 10 minutes in the presence of: (1) For Figure 5A-D: APC-conjugated 

mAb24 (1 μg/ml) and Dylight 550-conjugated KIM127 (1 μg/ml); (2) For Figure 5E: 

AF647-conjugated CD18 Ab (2 μg/ml) and PE-conjugated CD87 Ab (2 μg/ml); (3) For 

Figure 5F: APC-conjugated FPR1 Ab (1 μg/ml); (4) For Figure 6C-D: AF647-conjugated 

CD35 Ab (2 μg/ml), and PE-conjugated CD87 Ab (2 μg/ml). Cells were fixed with 1% PFA 

at room temperature for 10 min. After 2 washes with PBS, cell fluorescence was assessed 

with an LSRII and was analyzed with FlowJo software.
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To assess the maturation markers of β2 integrin activation, 5 × 105 cells/mL undifferentiated 

HL60 cells incubated with the vehicle control or differentiated HL60 cells (day 5) incubated 

with fMLP (100 nM) or vehicle control were stained with AF488-conjugated mAb24 (1 

μg/mL), PE-conjugated CD87 Ab (2 μg/mL), and AF647-conjugated CD35 Ab (1 μg/mL; 

Fig. 6A-B,E-F,H); or AF488-conjugated mAb24 (1 μg/mL) and AF647-conjugated CD18 

Ab (2 μg/mL; Fig. 6G, H) at room temperature for 10 min. Cells were fixed with 1% PFA at 

room temperature for 10 min. After 2 washes with PBS, cell fluorescence was assessed with 

an LSRII and analyzed with FlowJo software.

For intracellular CD18 staining (Fig. S1B), cells were first incubated with APC-conjugated 

CD18 Ab (1 μg/mL, surface CD18) and PE-conjugated CD87 Ab (2 μg/mL) at room 

temperature for 20 min, fixed with 1% PFA at room temperature for 10 min, washed 

twice with intracellular staining perm wash buffer plus 5% goat serum and stained with 

AF700-conjugated CD18 Ab (1 μg/mL, intracellular staining) in intracellular staining perm 

wash buffer plus 5% goat serum at room temperature for 30 min. After 2 washes with PBS, 

cell fluorescence was assessed with an LSRII and analyzed with FlowJo software.

For the soluble ICAM-1 binding assay of blood neutrophils from MFN2flox/floxMRP8-cre− 

and 5 MFN2flox/floxMRP8-cre+ mice (Fig. S2A), 350 μL of mouse blood was collected by 

heart puncture directly after euthanasia with 10 μL heparin (1000 USP units/mL) in the 

collection tube. Each sample had 50 μL blood and was incubated with rat anti-mouse CD11a 

Ab (M17/4, 10 μg/mL) plus rat IgG2b isotype control (10 μg/mL), rat anti-mouse CD11b Ab 

(M1/70, 10 μg/mL) plus rat IgG2a isotype control (10 μg/mL), and rat IgG2b isotype control 

(10 μg/mL) plus rat IgG2a isotype control (10 μg/mL), respectively, at room temperature for 

10 min. Then samples were incubated with recombinant mouse ICAM-1-Fc (10 μg/mL) and 

APC-conjugated mouse anti-human IgG Fc Ab (10 μg/mL) with or without the stimulation 

of PMA (200 nM) at room temperature for 30 min. Cells were fixed with 1% PFA at room 

temperature for 10 min. After 2 washes with PBS, cell fluorescence was assessed with an 

LSRII and analyzed with FlowJo software.

Zombie Yellow Fixable Viability Kit (1:1000 at room temperature for 15 min) was used to 

gate out dead cells. Compensations were performed before all experiments. Isotype controls 

were used to subtract the background fluorescence.

2.9 ∣ Actin polymerization imaging

Differentiated MFN2 KD and control HL60 cells (5 × 105 cells/mL) were incubated 

with fMLP (100 nM) or PMA (100 nM) or vehicle control at room temperature for 

20 min. Cells were fixed with 1% PFA at room temperature for 10 min, washed twice 

with intracellular staining perm wash buffer plus 5% goat serum, and stained with AF568-

conjugated phalloidin (5 U/mL) in intracellular staining perm wash buffer plus 5% goat 

serum at room temperature for 30 min. After 2 washes with PBS, cells were added into 

μ-Slide 8 Well Glass Bottom chamber (ibidi) pre-coated with 0.01% Poly-L-lysine (at 4°C 

overnight) and centrifuged at 500 × g at room temperature for 5 min to let the cells settle and 

adhere. Epifluorescence images (Fig. 3A)were acquired by using an iX83 Olympus inverted 

microscope equipped with the SAFe Light module (Abbelight, includes four color lasers, λ 
= 405 nm, 488 nm, 532 nm, and 640 nm), sCMOS fusion cameras (Hamamatsu), and a 100× 
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NA 1.5 oil objective. The phalloidin median fluorescence intensity (MFI), which reflects the 

actin polymerization, was quantified by the “analyzing particles” function in FIJI-ImageJ258 

(Fig. 3B).

2.10 ∣ Cell spreading assay

The μ-Slide 8 Well Glass Bottom chamber (ibidi) was coated with recombinant human 

ICAM-1-Fc (5 μg/mL) at room temperature for 3 h. Differentiated MFN2 KD and control 

HL60 cells (2 × 106 cells/mL) cells were incubated with CellTracker Orange CMRA (4 

μM) at room temperature for 1 h. After 2 washes with PBS, cells were incubated with 

unconjugated mouse anti-human CD18 blocking Ab (TS1/18, 4 μg/mL) or mouse IgG1κ 
isotype control (4 μg/mL) at room temperature for 10 min. After 2 washes with PBS, cells 

were resuspended in PBS plus 1 μM Mn2+, added into the chamber, and centrifuged at 500 × 

g at room temperature for 5 min to induce spreading. Cells were fixed with 1% PFA at room 

temperature for 5 min and washed twice with PBS to remove unadhered cells. Total internal 

reflection fluorescence (TIRF) images (Fig. 4A) were acquired with an iX83 Olympus 

inverted microscope equipped with a SAFe Light module (Abbelight, includes four color 

lasers, λ = 405 nm, 488 nm, 532 nm, and 640 nm), sCMOS fusion cameras (Hamamatsu), 

and a 100× NA 1.5 oil objective. A TIRF incidence angle of θ = 70° was used. The area 

of cell footprint was quantified by the “analyzing particles” function in FIJI-ImageJ258 (Fig. 

4B).

2.11 ∣ Nucleus segmentation

Undifferentiated and differentiated MFN2 KD and control HL60 cells (5 × 105 cells/mL) 

cells were incubated with PE-conjugated CD87 Ab (1 μg/ml) at room temperature for 20 

min, fixed with 1% PFA at room temperature for 10 min, washed twice with intracellular 

staining perm wash buffer plus 5% goat serum, and stained with AF647-conjugated Histone 

H3 recombinant rabbit monoclonal Ab (1 μg/ml) in intracellular staining perm wash buffer 

plus 5% goat serum at room temperature for 30 min. After two washes with PBS, cells were 

put into μ-Slide 8 Well Glass Bottom chamber (ibidi) pre-coated with 0.01% Poly-L-lysine 

(at 4 °C overnight) and centrifuged at 500 × g for 5 min to let the cells settle and adhere. 

Cell bright field and nucleus epifluorescence images (Fig. 7A) were acquired by using 

an iX83 Olympus inverted microscope equipped with a SAFe Light module (Abbelight, 

includes 4 color lasers, λ = 405 nm, 488 nm, 532 nm, and 640 nm), sCMOS fusion cameras 

(Hamamatsu), and a 100× NA 1.5 oil objective. The nucleus segment number (Fig. 7C) was 

counted manually by an investigator blinded to groups. To assess the nucleus segmentation 

of CD87high HL60 cells (Fig. 8B), CD87 MFI of cells in the above images was used to 

identify CD87high cells. The threshold for CD87high population was based on gating the 

brightest 20% of control cells. The same threshold was applied in analyzing MFN2 KD 

cells.

For electron microscopy images (Fig. 7B), the 6-well plates were coated with recombinant 

human P-selectin-Fc (2 μg/mL) and recombinant human ICAM-1-Fc (10 μg/mL) for 2 

h and then blocked with casein (1%) at room temperature for 1 h. Undifferentiated and 

differentiated MFN2 KD and control HL60 cells (5 × 106 cells/mL) cells were rolling on 

the substrate using the microfluidic device mentioned above. After observing stable rolling, 
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2.5% glutaraldehyde in 0.1 M cacodylate buffer was perfused to fix cells and was kept in 

the wells at room temperature for 1 h after detaching the microfluidic device. Further sample 

preparation and imaging were performed by the Central Electron Microscopy Facility of 

UConn Health: cells were fixed by 1% OsO4 and 0.8% ferricyanide in 0.1 M cacodylate 

buffer at room temperature for 1 h, rinsed 3 times with 0.1 M cacodylate buffer, and 

deionized water, respectively. En bloc staining was performed using freshly made 1% 

uranyl acetate in deionized water at room temperature for 1 h. After quick rinses with 

deionized water for 4 times, samples were dehydrated by using 50%, 75%, 95%, and 100% 

ethanol sequentially (10 min each, 3 times for 100% ethanol). The Poly/Bed 812 (resin) 

embedding kit was used to embed the samples by treatment with 1:1 100% ETOH/resin at 

room temperature for 1 h, 1:3 100% ETOH/resin at room temperature for 2 h, and resin 

at room temperature overnight, and then embedded in a 60°C oven for 48 h. Sections of 

70–80 nm were cut by Leica EM UC7 ultramicrotome and stained with 6% uranyl acetate 

in methanol and lead citrate. Samples were examined in a Hitachi H-7650 transmission 

electron microscope operating at 80 kV. The nucleus segment number (Fig. 7D) was counted 

manually by an investigator blinded to groups.

2.12 ∣ Statistics

Statistical analysis was performed using PRISM software (version 8.30, GraphPad 

Software). Data analysis was performed using Student’s t-test, one-way ANOVA followed 

by Tukey’s multiple comparisons test, or 2-way ANOVA followed by Tukey’s multiple 

comparisons test or Sidak’s multiple comparisons test, which are indicated in figure legends. 

P-values < 0.05 were considered significant.

3 ∣ RESULTS

3.1 ∣ MFN2 is important for the slow-rolling and arrest of neutrophil-like HL60 cells

Our previous study showed that MFN2-deficient HL60 cells have a defect of adhesion to 

TNF-α-stimulated human umbilical vein endothelial cells (HUVECs) when measured under 

flow conditions.43 However, detailed molecular mechanisms need further investigation. 

Using a microfluidic assay20,25,59,60 on adhesion-protein-reconstituted substrates, we aimed 

to study the effect of MFN2 deficiency on PSGL-1-mediated rolling and β2-integrin-

mediated slow-rolling and arrest individually.

First, RNA interference (shRNA, MFN2-sh1) was used to reduce protein expression of 

MFN2 in neutrophil-like differentiated HL60 (dHL60) cells, which is confirmed by using 

both western blot (Fig. 1A,B) and intracellular staining flow cytometry (Fig. 1C). We also 

tried another shRNA (MFN2-sh2) and found a slight knockdown (KD) (<10%) of MFN2 

expression compared to the control (Fig. S3A). Thus, we used MFN2-sh1 in most of our 

experiments, and MFN2-sh2 in a few experiments later. In the microfluidic assay, control 

or MFN-knockdown (MFN2KD) dHL60 cells were perfused into the flow chamber with a 

substrate of P-selectin and showed similar rolling distance (Fig. 1D) and velocities (Fig. 1E, 

F), suggesting that the function of PSGL-1 may not be affected. As expected, control dHL60 

cells showed a decreased velocity when rolling on the substrate of P-selectin/ICAM-1 

compared to the substrate of P-selectin only (Fig. 1D-F), which is called slow-rolling 
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and depends on β2 integrin extension that is induced by the interaction of PSGL-1 and 

selectins.16-20 MFN2 deficiency in dHL60 cells eliminated the slow-rolling (Fig. 1D-F), 

suggesting that MFN2 is important for β2 integrin extension. The perfusion of fMLP, a 

bacteria-derived chemotactic factor that can trigger neutrophil activation, 61 adhesion,24,62 

and chemotaxis,63-67 induced the arrest of dHL60 on the P-selectin/ICAM-1 substrate. By 

stark contrast, we found that MFN2 deficiency reduced the number of arrested dHL60 cells 

by around 80% under a wall shear stress of 6 dyn/cm2 (Fig. 1G) and around 60% under a 

wall shear stress of 2 dyn/cm2 (Fig. 1H). These results suggest that MFN2 is important for 

the activation or surface expression of β2 integrins and affects the slow-rolling and arrest of 

dHL60 cells.

3.2 ∣ MFN2 deficiency inhibits fMLP receptor expression on neutrophil-like HL60 cells

Integrin activation and arrest of neutrophils require the integrin inside-out signaling 

initiated by the interaction of chemokines or chemotactic factors and their corresponding 

receptors.23,28,35,68-71 There are two fMLP receptors expressed on neutrophils – formyl 

peptide receptor 1 (FPR1)72,73 and formyl peptide receptor 2 (FPR2).74,75 To test whether 

the adhesion deficiency of dHL60 cells is due to reduced fMLP receptor expression, we 

used flow cytometry to test expression level of FPR1 and FPR2 on control or MFN2 KD 

dHL60 cells. We did not find FPR2 expression on our dHL60 cells (data not shown). 

We found that FPR1 expression was dramatically reduced by around 70% in MFN2 KD 

dHL60 cells compared to control (Fig. 2A). These results revealed that reduced MFN2 

protein expression significantly reduced fMLP receptor expression, possibly contributing 

to the adhesion deficiency observed in dHL60 cells. Thus, we also need to introduce 

receptor-independent stimulators when assessing β2 integrin activation and expression. PMA 

can bypass the receptors of chemokines or chemotactic factors to directly activate protein 

kinase C isozymes (PKC), which are key components in the integrin inside-out signaling 

pathway,76 and active β2 integrins on leukocytes.

3.3 ∣ MFN2 regulates adhesion molecule expression on neutrophil-like HL60 cells

We next tested the expression of adhesion molecules PSGL-1 and β2 integrins on control 

and MFN KD dHL60 cells. PSGL-1 expression was significantly increased by around 40% 

in MFN2-deficient dHL60 cells (Fig. S1). However, this had no effect on the P-selectin-

dependent rolling velocity of cells (Fig. 1D-F). For β2 integrins, we tested the expression 

of both the β2 subunit (CD18, Fig. 2B,C) and α subunits (αL, CD11a; αM, CD11b; αX, 

CD11c, Fig. 2D-I). Neutrophil degranulation after fMLP stimulation will deliver granular β2 

integrins (CD18, CD11b, and CD11c) to the cell surface and increase surface expression,18 

which may contribute to neutrophil adhesion. We observed this degranulation in dHL60 cells 

after both FPR-1-dependent fMLP stimulation (Fig. 2B) and receptor-independent PMA 

stimulation (Fig. 2C). We found that overall surface CD18 expression before and after 

FPR-1 dependent fMLP stimulation (Fig. 2B) or receptor-independent PMA stimulation 

(Fig. 2C) remained the same in MFN2-deficient dHL60 cells compared to controls. We 

also performed intracellular CD18 staining to assess the degranulation (Fig. S1B). The 

intracellular CD18 expression before and after stimulation remained the same in MFN2-

deficient dHL60 cells compared to controls. This suggested that MFN2 KD does not affect 

the expression and degranulation of overall β2 integrins.

Liu et al. Page 10

J Leukoc Biol. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The condition became more complex when assessing the α subunits of β2 integrins. Surface 

CD11a expression before stimulation remained the same in MFN2 KD dHL60 cells (Fig. 

2D-E) compared to controls. A slight increase of surface CD11a expression was observed 

in control but not MFN2 KD dHL60 cells after fMLP stimulation (Fig. 2D). However, in 

PMA stimulation experiments, a significantly higher increase of surface CD11a expression 

was observed in MFN2 KD dHL60 cells compared to control, suggesting that the loss of 

CD11a increase in fMLP-stimulated MFN2 KD dHL60 cells is possibly due to decreased 

FPR1 expression.

Surface CD11b expression before stimulation remained the same in MFN2 KD dHL60 cells 

(Fig. 2F,G) compared to controls. After fMLP stimulation, both MFN2 KD and control 

dHL60 cells showed an increase of surface CD11b expression (Fig. 2F). This increase 

in MFN2 KD dHL60 cells was slightly less but not significant. In PMA stimulation 

experiments, both MFN2 KD and control dHL60 cells showed an increase of surface CD11b 

expression (Fig. 2G). This increase in MFN2 KD dHL60 cells was significantly higher than 

in controls. These results suggest that MFN2 KD dHL60 has a higher disposition of CD11b 

degranulation, and this disposition is compensated by decreased FPR1 expression in fMLP 

stimulation.

Surface CD11c expression was dramatically decreased in MFN2 KD dHL60 cells (Fig. 

2H,I) compared to controls. The increase of surface CD11c expression was observed in 

control dHL60 cells upon both fMLP and PMA stimulation. In MFN2 KD dHL60 cells, 

there is no significant increase of surface CD11c expression after fMLP stimulation (Fig. 

2H). An increase of surface CD11c expression was observed in MFN2 KD dHL60 cells 

after PMA stimulation. But this increase is significantly less than in controls (Fig. 2I). These 

results suggest that MFN2 KD decreases both expression and degranulation of CD11c. Both 

a direct effect and an FPR1-dependent indirect effect contributed to this CD11c deficiency.

Overall, we can conclude that MFN2 influences the expression of adhesion molecules on 

dHL60 cells to different degrees, with the most apparent changes occurring in the CD11c/αX 

subunit.

3.4 ∣ MFN2 deficiency impairs β2 integrin activation on neutrophil-like HL60 cells

By using conformation-specific antibodies, we tested β2 integrin activation on dHL60 cells. 

When human β2 integrins acquire H+, a neoepitope in the β2 I-like domain49,50 is exposed, 

which is recognized by mAb24.51 E+ of β2 integrins is detected by the monoclonal antibody 

(mAb) KIM127,47 which recognizes a neoepitope77 that is hidden in the bent knee of human 

β2. Thus, mAb24 staining indicates H+ β2 integrins, and KIM127 staining indicates E+ β2 

integrins.

We found that the mAb24 MFI was increased by about 10 times upon stimulation with 

fMLP in control dHL60 cells (Fig. 2J). In MFN2 KD dHL60 cells, the mAb24 MFI was 

also increased after fMLP stimulation, but the increase was reduced by more than 50% 

compared to that of controls (Fig. 2J). Since expression of fMLP receptor FPR1 was 

decreased in MFN2 KD dHL60 cells (Fig. 2A), we also performed receptor-independent 

integrin activation assay using PMA stimulation (Fig. 2K). The increase of mAb24 MFI 
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was inhibited by about 30% in MFN2 KD dHL60 cells compared to controls upon PMA 

stimulation. Next, we normalized the mAb24 MFI to the MFI of overall β2 integrin (CD18, 

Fig. 2B,C). Similar results of normalized mAb24 were observed compared to mAb24 MFI 

results and the increase of mAb24 MFI was inhibited by around 50% (Fig. 2L) or around 

40% (Fig. 2 M) after fMLP or PMA stimulation, respectively, owing to the lack of MFN2. 

This is because overall CD18 expression was not changed significantly between MFN2 KD 

and control dHL60 cells.

The KIM127 MFI was increased more than two times upon fMLP stimulation in control 

dHL60 cells (Fig. 2N). In MFN2 KD dHL60 cells, the KIM127 MFI was also increased 

after fMLP stimulation, but the increase was reduced by more than 60% compared to 

controls (Fig. 2N). In receptor-independent PMA stimulation, KIM127 MFI was increased 

to around 2.5 times upon PMA stimulation in control dHL60 cells (Fig. 2O). And this 

increase was inhibited by around 30% in MFN2 KD dHL60 cells. After normalizing to the 

overall β2 integrin staining, the increase of KIM127 MFI was inhibited by around 70% (Fig. 

2P) or around 50% (Fig. 2Q) after fMLP or PMA stimulation, respectively, owing to the lack 

of MFN2.

We also tested the staining of another monoclonal antibody CBRM1/5, which reports the 

H+ of Mac-1 (αMβ2 integrins). In control dHL60 cells, CBRM1/5 MFI was increased to 

about 2.5-times or 4.5-times upon FPR1-dependent fMLP or receptor-independent PMA 

stimulation, respectively (Fig. 2R,S). This increase was eliminated in fMLP-stimulated 

MFN2 KD dHL60 cells (Fig. 2R) but was not significantly changed in PMA-stimulated 

MFN2 KD dHL60 cells (Fig. 2S). After normalization to overall CD11b expression, the 

fMLP-induced CBRM1/5 MFI increase was also abolished in MFN2 KD dHL60 cells 

compared to control (Fig. 2T). PMA-induced CBRM1/5 MFI increase was inhibited by 

around 30% (Fig. 2U). These results suggested that MFN2 KD affects Mac-1 H+ mainly 

through decreasing FPR1 expression. Other components in the Mac-1 activation signaling 

pathway may also be affected but were compensated by the increase of Mac-1 degranulation 

upon PMA stimulation (Fig. 2G).

To assess whether MFN2 is involved in integrin activation in primary neutrophils, we 

analyzed MFN2flox/floxMRP8-cre+ mice, in which MFN2 expression in neutrophils is ~50% 

of that in neutrophils from control MFN2flox/flox MRP8-cre− mice (Fig. S2A). We did a 

soluble ICAM-1 (sICAM-1) binding assay to evaluate β2 integrin activation and found 

that both MFN2flox/floxMRP8-cre+ and MFN2flox/floxMRP8-cre− neutrophils (control) have 

increased sICAM-1 binding after receptor-independent PMA stimulation (Fig. S2B). The 

increase of MFN2flox/floxMRP8-cre+ neutrophils is significantly less (~50%) than that of 

controls (Fig. S2B). Both CD11a and CD11b blockade eliminated this difference, suggesting 

both CD11a and CD11b are involved in MFN2-dependent β2 integrin activation (Fig. S2B).

3.5 ∣ MFN2 deficiency inhibits actin polymerization on neutrophil-like HL60 cells

Previous studies showed that actin polymerization inhibitor latrunculin B prevents β2 

integrin activation, specifically H+ (reported by antibody MEM148 and ICAM-1 dependent 

arrest), on neutrophils.78 We also showed previously that MFN2 knockout (KO) in mouse 

embryonic fibroblasts showed reduced stress fibers in the cell body.43 Thus, we tested 
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whether MFN2 KD in dHL60 cells prevents actin polymerization by using phalloidin to 

show F-actin amount and distribution (Fig. 3). We observed that both FPR1-dependent 

fMLP or receptor-independent PMA was able to increase actin polymerization in control 

dHL60 cells (Fig. 3A, left 3 panels, and B). Upon fMLP stimulation, F-actin was more 

located in the cell cortex close to the membrane (Fig. 3A, the second panel), which might 

be due to the local signaling generated by membrane FPR1. In contrast, PMA stimulation 

made F-actin spread throughout the cytoplasm (Fig. 3A, the third panel), which makes sense 

because PMA activates PKC throughout the cytoplasm. In MFN2 KD dHL60 cells, both 

fMLP and PMA-induced actin polymerizations were abolished (Fig. 3A, right 3 panels, Fig. 

3B).

3.6 ∣ MFN2 deficiency abolishes β2 integrin outside-in-signaling-dependent spreading of 
neutrophil-like HL60 cells

Besides the G protein-coupled receptor (GPCR, such as FPR1)-initiated inside-out signaling 

of β2 integrins, β2 integrin outside-in-signaling is also crucial for neutrophil recruitment.79 

We tested whether MFN2 was involved in the outside-in-signaling by using a Mn2+-induced 

spreading assay.80 In this assay, Mn2+ will force all β2 integrins into the E+H+ conformation 

and bind to ICAM-1 coated in the chamber to initiate the outside-in-signaling and spreading. 

As shown in Figure 4, control dHL60 cells were able to spread well on the immobilized 

ICAM-1, and the blockade of β2 integrins (CD18 blocking antibody TS1/18) led to 

reduced cell spreading (Fig. 4A, top two panels, Fig. 4B). MFN2 KD abolished dHL60 

cell spreading with or without β2 integrin blockade (Fig. 4A, bottom two panels, Fig. 4B).

3.7 ∣ MFN2 deficiency limits the maturation of integrin activation during DMSO-induced 
differentiation

Integrins cannot be activated upon fMLP stimulation in undifferentiated HL60 cells (Fig. 

5A, top panel). During the DMSO-induced neutrophil-like differentiation, the capacity of 

integrin activation is acquired (matured) over time (Fig. 5A-D). The maturation of fMLP-

stimulated β2 integrin H+ (mAb24 staining, Fig. 5B) or E+ (KIM127 staining, Fig. 5C) 

was observed starting from four or two days, respectively, after incubating with 1.3% 

DMSO. These fMLP-stimulated β2 integrin H+ and E+ states became more significant when 

HL60 cells were differentiated for a longer time (Fig. 5B and C). The fMLP-induced 

mAb24+KIM127+ population was significantly increased compared to vehicle controls 

starting from three days of DMSO-differentiation (Fig. 5D). This population increased 

when HL60 cells were differentiated for a longer time (Fig. 5D). Thus, besides the reduced 

expression of fMLP receptors, the integrin activation defect observed in MFN2 KD dHL60 

cells might be due to the influence of MFN2 on the maturation of integrin activation.

We further assessed the expression of overall β2 integrins (CD18, Fig. 3E) and fMLP 

receptors (Fig. 5E and F), which contribute to H+ and E+ β2 integrin expression, during the 

DMSO-induced neutrophil-like differentiation. Expression of overall β2 integrins increased 

to 3-fold after two-day differentiation compared to undifferentiated HL60 cells (Fig. 5E). 

The degranulation of β2 integrins, which may contribute to the increase of integrin H+ 

and E+, was observed starting from five days of DMSO-differentiation (Fig. 5E). FPR1 

expression had a significant increase observed at day 5 and reached a plateau (Fig. 5F), 
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which is the same time that dHL60 shows degranulation ability. Overall, expression and 

degranulation of β2 integrins, as well as FPR1 expression, showed different increasing 

patterns compared to β2 integrin H+ and E+, suggesting that there are other molecules 

involved in the process of integrin activation maturation.

It is well known that HL60 cells have heterogeneous populations after DMSO-induced 

differentiation. The integrin activation of dHL60 cells shows the same case – even after 7 

days of differentiation, only around 36% of cells show KIM127 and mAb24 double-positive 

staining, and around 53% of cells are double-negative after 100 nM fMLP stimulation (Fig. 

5A, D). By using primary human neutrophils as a positive control (Fig. 5A, bottom panel), 

around 97% of neutrophils show KIM127 and mAb24 double-positive staining after fMLP 

stimulation, Thus, finding markers to identify the maturation stages of integrin activation 

becomes a priority.

A previous study has shown the changes in antigen expression on HL60 cells upon 

differentiation.81 After testing several candidates, we determined that expression of CD35 

(complement receptor 1, Fig. 6A) and CD87 (urokinase-type plasminogen activator receptor, 

uPAR, Fig. 6B) were increased after differentiation. Expression of both CD35 (Fig. 6C) and 

CD87 (Fig. 6D) increased over time during DMSO-induced neutrophil-like differentiation. 

Expression of CD35 and CD87 correlated with mAb24 staining (H+ β2 integrins) after fMLP 

stimulation in dHL60 cells (Fig. 6E and F, respectively). In all the dHL60 cells, around 

17% of them showed mAb24-positive staining. About 67% of the CD35-high population 

(approximately 20% of total dHL60 cells) showed mAb24 positive staining, whereas around 

5% of the CD35-low population showed mAb24 positive staining (Fig. 6E, H). About 73% 

of the CD87-high population (approximately 20% of total dHL60 cells) showed mAb24 

positive staining, whereas around 3% of the CD87-low population showed mAb24 positive 

staining (Fig. 6F, H). As expected, we also found that β2 integrin expression (CD18, Fig. 

6G) is also correlated with β2 integrin activation (mAb24 staining). About 63% of the 

CD18-high population (approximately 20% of total dHL60 cells) showed mAb24-positive 

staining, whereas around 5% of the CD18-low population showed mAb24-positive staining 

(Fig. 6G, H). These data suggested that CD35, CD87, or CD18 may be used as a maturation 

marker of integrin activation, with CD87 having the highest potential.

In the MFN2-deficient HL60 cells, we detected ~25% and ~55% decreases in expression 

of CD35 (Fig. 6I) and CD87 (Fig. 6J), respectively, after culturing with 1.3% DMSO for 

5 days, compared to controls. The decrease of CD87 expression was also significant but 

became less (~10%) when differentiating cells for 7 days. These results suggest that MFN2 

may be important for the maturation of integrin activation during HL60 differentiation.

Nucleus segmentation is another marker for the differentiation of HL60 cells.82 Thus, we 

assessed the nucleus segmentation of control and MFN2 KD HL60 cells with or without 

differentiation by both epifluorescence and electron microscopy nucleus imaging (Fig. 

7). Nucleus segmentation was observed in both control and MFN2 KD HL60 cells after 

differentiation (Fig. 7A and B). However, the number of nucleus segments significantly 

decreased in MFN2 KD dHL60 cells compared to controls (Fig. 7C and D).
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3.8 ∣ MFN2 deficiency impairs β2 integrin activation on matured neutrophil-like HL60 cells

Since MFN2 KD affects β2 integrin activation maturation during neutrophil-directed HL60 

differentiation, it is important to assess the direct involvement of MFN2 in β2 integrin 

activation by analyzing dHL60 cells of the same maturation stage. Using CD87 as a 

maturation marker of β2 integrin activation, we were able to do this. After gating the 

CD87high population of dHL60 cells (21.6±3.6% in control cells, same gating yielding 14.7 

± 7.4% in MFN2 KD cells), we first confirmed that CD87high MFN2 KD and control dHL60 

cells had similar CD87 expression (Fig. 8A) and nucleus segmentation (Fig. 8B), indicating 

that they were in the same differentiation stage or integrin activation maturation stage. 

Intracellular staining confirmed that MFN2 expression in CD87high MFN2 KD dHL60 cells 

was around 50% of control (Fig. 8C). FPR1 expression was decreased in CD87high MFN2 

KD dHL60 cells compared to control (Fig. 8D). Thus, we needed to test both fMLP and 

PMA stimulation.

MFN2 deficiency does not affect overall β2 integrin (CD18) expression (Fig. 8E, F). 

The degranulation of CD18 was slightly inhibited upon both fMLP (Fig. 8E) and PMA 

(Fig. 8F) stimulation in CD87high MFN2 KD dHL60 cells compared to controls. When 

assessing β2 integrin H+ by mAb24, we observed that fMLP (Fig. 8G, I) and PMA 

(Fig. 8H, J) stimulation elevated mAb24 MFI in both MFN2 KD and control CD87high 

dHL60 cells. MFN2 KD led to an ~40% (Fig. 8G) and ~20% (Fig. 8H) decrease in 

mAb24 MFI elevation in this CD87high population upon fMLP and PMA stimulation, 

respectively. After normalization to overall CD18 expression, the decreases of mAb24 MFI 

elevation in CD87high MFN2 KD dHL60 cells were ~30% (Fig. 8I) and ~10% (but not 

significantly different, Fig. 8J) compared to CD87high control dHL60 cells upon fMLP and 

PMA stimulation, respectively. In the case of β2 integrin E+ assessed by KIM127, the 

effect of MFN2 was clearer. Although there were elevations of KIM127 MFI in CD87high 

MFN2 KD dHL60 cells, the elevations were significantly less compared to CD87high control 

dHL60 upon both fMLP (~70%, Fig. 8K) and PMA (~50%, Fig. 8L) stimulation. After 

normalization to overall CD18 expression, the decreases of KIM127 MFI elevation in 

CD87high MFN2 KD dHL60 cells were ~80% (Fig. 8I) and ~50% (Fig. 8J) compared to 

CD87high control dHL60 cells upon fMLP and PMA stimulation, respectively.

Another way to assess the role of MFN2 in dHL60 cells at the same maturation stage 

is using the MFN2-sh2-mediated KD cells (Fig. S3), which has <10% MFN2 KD, as we 

mentioned above (Fig. S3A). This is because these cells had no significant changes in 

expression of FPR1 (Fig. S3B), CD87 (Fig. S3C), or CD18 (Fig. S3D-E), as well as CD18 

degranulation upon both fMLP (Fig. S3D) and PMA (Fig. S3E) stimulation, suggesting 

this slight KD of MFN2 did not affect β2 integrin activation maturation during neutrophil-

directed HL60 differentiation. A slight but significant decrease of fMLP-induced (Fig. S3F, 

H, J, L) or PMA-induced (Fig. S3G, I, K, M) integrin activation (both mAb24 Fig. S3F-I, 

and KIM127 Fig. S3J-M) was observed in these MFN2-sh2 KD cells compared to controls. 

This further confirmed the role of MFN2, especially its direct involvement, in integrin 

activation.

To test whether the integrin activation defect in CD87high MFN2 KD dHL60 cells has 

functional consequences, we performed the microfluidic rolling and arrest assay combined 
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with CD87 fluorescence staining (Fig. 8O-Q). We found that when rolling on the substrate 

of P-selectin plus ICAM-1, the rolling velocity of CD87high MFN2 KD dHL60 cells is 

significantly higher than that of CD87high control cells (Fig. 8O-P), suggesting the slow-

rolling was impaired in CD87high MFN2 KDdHL60 cells, which is consistent with the β2 

integrin E+ deficiency mentioned above. After the perfusion of fMLP to induce cell arrest, 

CD87high MFN2 KD dHL60 cells showed a significantly lower number of arrested cells than 

controls (Fig. 8Q).

4 ∣ DISCUSSION

MFN2 has been reported to regulate leukocyte adhesion under flow, although the mechanism 

for such regulation has yet to be defined. In the present study, we investigated the role of 

MFN2 in regulating fMLP receptors, adhesion molecules, as well as integrin activation (Fig. 

9). Using a microfluidic assay on substrate reconstituted from purified adhesion proteins, 

we confirmed the adhesion deficiency of neutrophil-like HL60 cells in which MFN2 had 

been knocked down by RNA interference (Fig. 1A-C). Specifically, MFN2-deficient cells 

displayed a defect of β2 integrin-mediated slow-rolling and arrest, but not PSGL-1-mediated 

rolling (Fig. 1D-H). Flow cytometry staining showed that MFN2-deficient cells had lower 

expression of fMLP receptor FPR1 (Fig. 2A), which initiates integrin inside-out activation, 

and similar overall β2 integrin expression (Fig. 2B-C) with some variations in the expression 

of different β2 integrin α subunits (Fig. 2D-I). The activation of β2 integrins assessed by 

conformation-specific antibodies mAb2449-51 and KIM12747,48 was further observed to be 

inhibited on MFN2-deficient cells by using both FPR1-dependent fMLP stimulation and 

receptor-independent PMA stimulation (Fig. 2J-Q). These results suggest that MFN2 is 

essential for β2 integrin activation, not only through the indirect effect on FPR1 expression, 

but also a direct effect. We also observed actin polymerization, which is involved in 

leukocyte β2 integrin activation,78 was impaired in MFN2-deficient cells (Fig. 3). This 

might provide a mechanism for why integrin activation is inhibited in MFN2-deficient cells. 

Besides the β2 integrin inside-out signaling, we also showed that the β2 integrin outside-in 

signaling-dependent cell spreading is abolished in MFN2-deficient cells (Fig. 4). This might 

also link to the actin polymerization deficiency and strengthen the idea that MFN2 is critical 

for neutrophil trafficking and recruitment.

Another key finding in our study is the maturation markers of β2 integrin activation in HL60 

cells. HL60 is the most commonly used cell line model of human neutrophils.36,43,56,60,83-87 

Because neutrophils are short-lived,1,5 hard to transfect, and sensitive to transfection, the 

cell line model is critical for studying the molecular mechanisms in neutrophil behaviors 

and functions, such as integrin activation and cell adhesion. We examined the maturation 

of β2 integrin activation over the time of neutrophil-directed differentiation of HL60 cells 

and observed a heterogeneous β2 integrin activation in response to fMLP (Fig. 5). Finding 

a maturation marker is critical for improving the signal-to-noise ratio in HL60 assays and 

understanding integrin activation by comparing populations in the same maturation stage. 

We have identified three such markers-CD35, CD87, and overall CD18 (Fig. 6). This is 

important for future studies using HL60 cells as a model of neutrophils, such as studies of 

integrin activation, cell adhesion, cell migration, and phagocytosis.
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CD87 is also known as uPAR and has been reported to be associated with and regulate 

the functions of β2 integrins on the surface of leukocytes, including neutrophils.88 CD87 

has been indicated as a neutrophil maturation marker that is expressed at the band and 

segmented neutrophil stage of development,82 which is consistent with our results in 

HL60 cells (Fig. 6-8). The association of CD87 and CD11b has been demonstrated by 

colocalization using confocal microscopy89 and fluorescence resonance energy transfer 

(FRET).89 Ab blockade of CD87 on human monocytes inhibits their adhesion to fibrinogen 

and keyhole limpet hemocyanin (KLH) upon PMA-stimulation by ~50%.89 The same 

blockade inhibits neutrophil adhesion to both ICAM-1 and fibrinogen.90 RNA interference 

of CD87 reduces cell adhesion to KLH by ~45%,89 and functional Ab blockade of 

CD87 inhibits neutrophil chemotaxis.91 Co-immunoprecipitation (Co-IP) of CD87 and β2 

integrins have been shown as well.92 Domain 1 deletion of CD87 diminished its co-IP 

with β2 integrins.93 Mapping experiments showed that CD87 binds to the β-propeller 

domain of CD11b (amino acids 424–440).94 This deficiency can be restored by adding 

soluble recombinant CD87.89 CD87 KO mice showed a defect in β2-integrin-dependent 

leukocyte recruitment.95-99 The role of CD87 in integrin functions is ligand (urokinase-

type plasminogen activator, uPA)-independent.91,96 The reporter antibody test showed that 

the CD87 association promotes hybrid domain swing-out (clone MEM148) but not the 

extension of the ectodomain (clone KIM127) of Mac-1.93 FRET assay showed that the 

CD87 association reorientates and separates the transmembrane domain of Mac-1.93 CD35 

is also known as complement receptor 1, and has not been reported to be associated with 

integrin activation.

Here, we have shown that MFN2 KD leads to a deficiency in the maturation of β2 integrin 

activation, which is identified by decreased expression of CD35 and CD87 (Fig. 6I-K) 

as well as fewer nucleus segments (Fig. 7). This could provide some explanation for the 

deficiency of β2 integrin activation and cell adhesion. One of the maturation markers, 

CD87, directly promotes integrin activation, as described above. Whether there are other 

molecules involved remains to be investigated. The defect of integrin activation maturation 

in MFN2-deficient cells raises concerns about the involvement of MFN2 in neutrophil 

development. It has been shown that MFN2 is important for maintaining hematopoietic 

stem cells with extensive lymphoid potential by using mice with conditional deletion of the 

MFN2 gene (Mfn2) in the hematopoietic system (Mfn2fl/fl-Vav-Cre).57 This study briefly 

investigated the Mfn2 deletion in myeloid cell development and concluded only a minor 

effect. However, the myeloid populations, such as different stages of myeloid progenitors, 

neutrophils, monocytes, M<s, and dendritic cells, were not identified in this study. Thus, the 

effects of Mfn2 deletion in neutrophil development await further analysis.

Besides the indirect effect caused by maturation, we showed that MFN2 also has direct 

effects on integrin activation. First, we assessed MFN2-deficient and control cells at 

the same maturation stage (CD87high population, Fig. 8). We confirmed the same CD87 

expression and nucleus segmentation of the 2 groups as well as the decreased MFN2 and 

FPR1 expression in the MFN2-deficient cells (Fig. 8A-D). In these CD87high cells, MFN2 

deficiency showed the deficiency of integrin activation in response to both FPR1-dependent 

fMLP and receptor-independent PMA stimulation (Fig. 8E-M). Functional rolling and arrest 

assay showed that in CD87high cells, MFN2 deficiency led to defects of slow-rolling and 
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arrest (Fig. 8O-Q). These results suggest that MFN2 has direct effects on integrin activation. 

Since we have shown that MFN2 deficiency increases the activation of ras-related C3 

botulinum toxin substrate (Rac),43 which is important in the GPCR-initiated inside-out 

pathway of integrin activation,100-103 MFN2 deficiency must inhibit other components 

downstream of Rac, such as phospholipases,26,103,104 CalDag-GEFI,105 Rap1,104-107 Rap1-

GTP-interacting adaptor molecule (RIAM),108 talins,19,109 or kindlins.19,110-112 Whether 

these molecules were involved in the MFN2-dependent β2 integrin activation needs further 

investigation.

MFN2 itself is a dynamin-like GTPase that plays a central role in regulating mitochondrial 

fusion and cell metabolism and uses its GTPase domain interface to form sustained 

dimers that account for membrane-tethering.113 The GTPase domain is also important for 

GTP-dependent membrane fusion.114 This suggests that MFN2 may be involved in granule-

dependent integrin trafficking. This is possible because although MFN2 KD did not affect 

dHL60 overall CD18 degranulation (Fig. 2B-C, S1B), CD11a and CD11b degranulation 

were slightly enhanced (Fig. 2E, G), and CD11c degranulation was inhibited (Fig. 2I). 

The role of MFN2 in regulating trafficking and membrane fusion of different granules 

may need further investigation. Also, as mentioned above, several GTPases are involved in 

inside-out signaling of β2 integrin activation, such as Rho GTPases that can bind115 and 

activate phospholipases100-103 or Rap1 that recruits RIAM and talin to integrins.104-107 

Thus, whether the GTP domain of MFN2 has active phospholipases, binds to RIAM 

or talin, or directly activates integrins would be interesting to pursue in further studies. 

This is possible because PXXP motifs that can bind phospholipase C were identified in 

MFN2 (amino acids 523–526, PLLP, and amino acids 595–609, PIPLTPANPSMPPLP).116 

Another study focusing on Yap showed that Yap inhibition reduces both talin-1 and MFN2 

expression, suggesting a correlation between talin and MFN2.117

In conclusion, MFN2 is important for β2 integrin activation and the β2 integrin-mediated 

adhesion of neutrophil-like dHL60 cells. MFN2 is required for FPR1 expression but also 

contributes to β2 integrin inside-out activation in a receptor-independent manner. MFN2 

is required for actin polymerization, which is vital for integrin activation. MFN2 is also 

required for β2 integrin outside-in signaling. MFN2 is crucial for integrin activation 

maturation during neutrophil-directed differentiation of HL60 cells, which indirectly 

contributes to this β2 integrin activation phenotype. By comparing cells at the same 

maturation stage, we know that MFN2 also directly contributes to β2 integrin activation.
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Abbreviations:

AF647 Alexa Fluor 647

APC allophycocyanin

Co-IP Co-immunoprecipitation

DMSO dimethyl sulfoxide

E+ extension

FITC fluorescein isothiocyanate

fMLP N-formylmethionyl-leucyl-phenylalanine

FBS fetal bovineserum

FRET fluorescence resonance energy transfer

FPR1 formyl peptidereceptor 1

FPR2 formyl peptidereceptor2

GPCR G protein-coupled receptor

H+ high-affinity

HSA human serum albumin

HUVECs human umbilical vein endothelial cells

ICAM-1 intercellular adhesion molecule 1

KD knockdown

KLH keyhole limpet hemocyanin

KO knockout

mAb monoclonal antibody

MFN-2 mitofusin-2

PBMC peripheral blood mononuclear cells

PE phycoerythrin
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PBS phosphate-buffered saline

PFA paraformaldehyde

PKC protein kinaseC isozymes

PMA phorbol-12-myristate-13-acetate

PSGL-1 P-selectin glycoprotein ligand-1

Rac ras-related C3 botulinumtoxin substrate

RIAM Rap1-GTP-interactingadaptor molecule

RPMI-1640 Park Memorial Institute medium 1640

TIRF total internal reflection fluorescence

uPA urokinase-type plasminogen activator

uPAR urokinase-type plasminogen activator receptor
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FIGURE 1. Mitofusin-2 knockdown reduces the adhesion of neutrophil-like HL60 cells.
(A) Western blot showing protein expression of mitofusin-2 (MFN2) in HL60 cells 

transfected with control (CT) or MFN2 knockdown (KD) with shRNA. Tubulin is an internal 

control. (B) Mean ± SD of MFN2 versus tubulin expression from n = 5 independent western 

blot experiments. (C) Mean ± SD of MFN2 expression from n = 8 independent intracellular 

staining flow cytometry experiments. (D) Tracks of Control or MFN2 KD HL60 cells rolling 

on a substrate of P-selectin or P-selectin/ICAM-1 under a wall shear stress of 6 dyn/cm2. 

The recording time of rolling was 60 s. The rolling paths (line) and ending positions (circle) 

of n = 15 cells from 3 individual experiments per group are shown. (E and F) A cumulative 

histogram (E) and a bar graph (F, mean ± SD, n = 45 cells from 3 individual experiments 

per group) showing the rolling velocity of CT or MFN2 KD HL60 cells rolling on the 

substrate of P-selectin with or without ICAM-1 under a wall shear stress of 6 dyn/cm2. 

(G and H) The number of arrested CT or MFN2 KD HL60 cells on the substrate of 

P-selectin/ICAM-1 with or without the stimulation of fMLP (100 nM) under a wall shear 

stress of 6 dyn/cm2 (G) and 2 dyn/cm2 (H). Mean ± SD, n = 3 individual records. n.s., 

non-significant (P > 0.05). *P < 0.05, ****P < 0.0001 by paired Student’s t-tests (B and C) 

or 2-way ANOVA followed by Tukey’s multiple comparisons tests (F and H). HL60 cells 

were pre-differentiated with 1.3% DMSO for 7 days
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FIGURE 2. Mitofusin-2 knockdown reduces fMLP receptor expression as well as receptor-
dependent and independent β2 integrin activation in neutrophil-like HL60 cells.
(A) Mean ± SD of surface FPR1 expression on Control or MFN2-knockdown (MFN2 

KD) HL60 cells from n = 3 individual experiments. (B-I) Mean ± SD of overall surface 

CD18 (β2 integrins, B,C), CD11a (αL integrins, D,E), CD11b (αM integrins, F,G), CD11c 

(αX integrins, H,I) expression on Control or MFN2 KD HL60 cells stimulated with FPR1-

dependent fMLP (100 nM, at RT for 20 min, closed bars, B, D, F, H), receptor-independent 

PMA (100 nM, at RT for 20 min, gray bars, C, E, G, I), or vehicle control (open bars) 

from n = 3 individual experiments. (J-U) Mean ± SD of high-affinity (H+, mAb24 staining, 

J-M) and extended (E+, KIM127 staining, N-Q) β2 integrin as well as H+ αM integrin 

(CBRM1/5 staining, R-U) expression on Control or MFN2 KD HL60 cells stimulated 

with FPR1-dependent fMLP (100 nM, at RT for 20 min, closed bars, J, L, N, P, R, T), 

receptor-independent PMA (100 nM, at RT for 20 min, gray bars, K, M, O, Q, S, U) or 

vehicle control (open bars) from n = 3 individual experiments. In L,M; P,Q; and T,U, the 

MFI of mAb24, KIM127, and CBRM1/5 is normalized to overall expression of CD18 (B,C), 

CD18 (B,C), and CD11b (F,G), respectively. n.s., non-significant (P > 0.05). *P < 0.05, **P 
< 0.01, ***P < 0.001, ****P < 0.0001 by Student’s t-test (A) or 2-way ANOVA followed 

by Tukey’s multiple comparisons test (B-U). HL60 cells were pre-differentiated with 1.3% 

DMSO for 7 days

Liu et al. Page 28

J Leukoc Biol. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. Mitofusin-2 knockdown eliminates actin polymerization in neutrophil-like HL60 
cells after receptor-dependent and independent stimulation.
(A) Representative images of F-actin (phalloidin-AF568) in Control or MFN2-knockdown 

(MFN2 KD) HL60 cells stimulated with FPR1-dependent fMLP (100 nM, at RT for 20 

min), receptor-independent PMA (100 nM, at RT for 20 min), or vehicle control. The 

scale bar is 10 μm. (B) Mean ± SD of phalloidin MFI quantified from n = 45 cells in 

6 independent records per group. n.s., non-significant (P > 0.05) *P < 0.05, ****P < 

0.0001 by 1-way ANOVA followed by Tukey’s multiple comparisons test. HL60 cells were 

pre-differentiated with 1.3% DMSO for 7 days
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FIGURE 4. Mitofusin-2 knockdown inhibited Mn2+-induced integrin-outside-in-signaling-
dependent spreading of neutrophil-like HL60 cells.
(A) Representative total internal reflection fluorescence images of spreading in Control or 

MFN2-knockdown (MFN2 KD) HL60 cell footprints pretreated with anti-CD18 blocking 

antibody or isotype control. Cells were stained with CellTracker Orange CMRA. Spreading 

was induced by 1 μM Mn2+ on coated ICAM-1. The scale bar is 10 μm. (B) Mean ± SD 

of the cell footprint area of n = 122 (control, isotype), n = 114 (control, CD18 Ab), n = 

118 (MFN2 KD, isotype), and n = 134 (MFN2 KD, CD18 Ab) cells, respectively, from 

6 independent records per group. n.s., non-significant (P > 0.05) ***P < 0.001, ****P < 

0.0001 by 1-way ANOVA followed by Tukey’s multiple comparisons test. HL60 cells were 

pre-differentiated with 1.3% DMSO for 7 days
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FIGURE 5. The maturation of β2 integrin activation during the DMSO-induced differentiation 
of HL60 cells.
(A) Contour plots showing expression of high-affinity (H+, mAb24 staining) and extended 

(E+, KIM127 staining) β2 integrins on HL60 cells (upper panels) or primary human 

neutrophils (lower panel) stimulated with fMLP (1 mM, right panels) or vehicle control 

(left panels). HL60 cells were pre-differentiated with 1.3% DMSO for indicated days. 

(B,C) Expression of mAb24 (B) and KIM127 (C) on HL-60 cells after different days of 

DSMO-induced differentiation with or without fMLP stimulation. (D) The percentage of 

mAb24+KIM127+ HL-60 cells after different days of DSMO-induced differentiation with 

or without fMLP stimulation. (E) Expression of overall CD18 (conformation unspecific) on 

HL-60 cells after different days of DSMO-induced differentiation with or without fMLP 

stimulation. (F) FPR1 expression on HL-60 cells after different days of DSMO-induced 

differentiation. Mean ± 95%CI for n = 3 individual experiments in (B-G), **P < 0.01, ***P 
< 0.001, ****P < 0.0001 by comparing fMLP stimulated cells and vehicle control using 

2-way ANOVA followed by Sidak’s multiple comparisons test
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FIGURE 6. Mitofusin-2 knockdown impairs expression of β2-integrin-activation maturation 
markers during the DMSO-induced differentiation of HL60 cells.
(A,B) Representative histograms showing expression of CD35 (A) and CD87 (B) on HL60 

cells pre-differentiated for 5 days (dark gray) or not (light gray). (C-D) Expression of CD35 

(C), and CD87 (D) on HL-60 cells after different days of DSMO-induced differentiation. 

Mean ± 95%CI for n = 3 individual experiments. (E-H) Contour plots showing expression 

of high-affinity (H+, mAb24 staining) β2 integrins on pre-differentiated HL60 cells with 

different expression of CD35 (E), CD87 (F), and overall CD18 (G) stimulated with 

fMLP (100 nM, right panels) or vehicle control (left panels). (H) The percentage of 

mAb24+ cells in the low-expression or high-expression population of different markers 

upon fMLP stimulation. (I-K) Expression of CD35 (I) and CD87 (J-K) on Control or 

MFN2-knockdown (MFN2 KD) HL60 cells after pre-differentiated for 5 (I-J) or 7 (K) days. 

Mean ± SD for n = 3 (I) or 9 (J-K) individual experiments, *P < 0.05, ****P < 0.0001 by 

Student’s t-test
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FIGURE 7. Mitofusin-2 knockdown limits nucleus segmentation during the DMSO-induced 
differentiation of HL60 cells.
(A) Representative bright field (BF) and nucleus (anti-Histone H3-AF647) images of 

Control or MFN2-knockdown (MFN2 KD) HL60 cells before and after DMSO-induced 

differentiation. (B) Representative electron microscopy images of Control or MFN2 KD 

HL60 cells before and after the DMSO-induced differentiation. Scale bars are 10 μm. (C 
and D) Mean ± SD of nucleus segment number of n = 36 (control undifferentiated), n = 

34 (control differentiated), n = 47 (MFN2 KD undifferentiated), and n = 24 (MFN2 KD 

differentiated) cells from 7, 9, 6, and 11 independent records, respectively, per group. n.s., 

non-significant (P > 0.05). *P < 0.05, **P < 0.01, ****P < 0.0001 by 1-way ANOVA 

followed by Tukey’s multiple comparisons test. HL60 cells were pre-differentiated with 

1.3% DMSO for 7 days
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FIGURE 8. Mitofusin-2 knockdown inhibits β2 integrin activation and adhesion of HL60 cells at 
the same maturation level.
(A) Mean ± SD of surface CD87 expression on CD87high Control and MFN2-knockdown 

(MFN2 KD) HL60 cells from n = 6 individual experiments. (B) Mean ± SD of nucleus 

segment number of CD87high Control (n = 21) and MFN2 KD (n = 19) HL60 cells 

from 9 and 11 independent records, respectively. (C and D) Mean ± SD of MFN2 and 

FPR1 expression on CD87high Control and MFN2 KD HL60 cells from n = 3 individual 

experiments. (E and F) Mean ± SD of overall surface CD18 (β2 integrins) expression on 

CD87high control or MFN2 KD HL60 cells stimulated with FPR1-dependent fMLP (100 

nM, at RT for 20 min, closed bars, E), receptor-independent PMA (100 nM, at RT for 20 

min, gray bars, F), or vehicle control (open bars) from n = 3 individual experiments. (G-N) 

Mean±SD of high-affinity (H+, mAb24 staining, G-J) and extended (E+, KIM127 staining, 

K-N) β2 integrin expression on CD87high control or MFN2 KD HL60 cells stimulated 

with FPR1-dependent fMLP (100 nM, at RT for 20 min, closed bars, G, I, K, M), receptor-

independent PMA (100 nM, at RT for 20 min, gray bars, H, J, L, N), or vehicle control 

(open bars) from n = 3 individual experiments. In (I and J) and (M and N), the MFI of 

mAb24 and KIM127 is normalized to overall expression of CD18 (E and F). (O and P) A 

cumulative histogram (O) and a bar graph (P, mean ± SD, n = 46 cells from 3 individual 

experiments per group) showing the rolling velocity of CD87high Control or MFN2 KD 
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HL60 cells rolling on the substrate of P-selectin+ICAM-1 under a wall shear stress of 6 

dyn/cm2. (Q) The number of arrested CD87high Control or MFN2 KD HL60 cells on the 

substrate of P-selectin/ICAM-1 with or without the stimulation of fMLP (100 nM) under a 

wall shear stress of 6 dyn/cm2. Mean ± SD, n = 17 individual records. n.s., non-significant 

(P > 0.05). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by Student’s t-test (A-D, 

P) or 2-way ANOVA followed by Tukey’s multiple comparisons test (E-N, Q). HL60 cells 

were pre-differentiated with 1.3% DMSO for 7 days
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FIGURE 9. Schematics showing the function of MFN2 in HL60 adhesion.
(A) During the neutrophil-directed differentiation of HL60 cells, β2 integrin activation 

increases in response to fMLP stimulation, which is critical for cell adhesion. We call this 

process the maturation of β2 integrin activation. Expression of β2 integrins, fMLP receptor 

FPR1, CD87, and CD35 also increase during the neutrophil-directed differentiation of HL60 

cells. The maturation of β2 integrin activation is associated with the expression of β2 

integrins, CD87, and CD35. Thus, the expression of β2 integrins, CD87, and CD35 can serve 

as markers for the maturation of β2 integrin activation. (B) Knockdown of MFN2 inhibited 

the maturation of β2 integrin activation during the neutrophil-directed differentiation of 

HL60 cells, causing less expression of FPR1, CD87, and CD35, less activation of β2 

integrins, and less cell adhesion underflow. (C) In β2 integrin activation matured cells 

(CD87high in this study), the loss of MFN2 expression decreases β2 integrin
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